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ApplicationsSince the discovery ofmetals encapsulated intomulti-walled carbon
nanotubes (CNTs), such sheathed structures attracted extensive
interest with respect to the development of various synthetic strat-
egies for producing the unique structure of nanowires sheathed
inside nanotubes. The nanowire materials varied from metals to
alloys, from semiconductors to insulators, and evenmetal–semicon-
ductor heterojunctions were tried. In recent years, the studies on
these nanostructures have been mainly focused on in-situ manipu-
lation, property analysis and applications. Exploration of
on-demand nano-engineering of the regarded structures toward
practical device design and fabrication was mainly guided by
high-resolution transmission electron microscopy (TEM) technique
combining new capabilities of implementation of atomic force
(AFM) or scanning tunneling microscopy (STM) holders, and heat-
ing/cooling holders. Such novel in-situ TEM techniques have rapidly
developed to a stage where they truly become a very powerful tool
for the studies of core/shell nanowire heterostructures. In this
review, we summarize the signiﬁcant developments and achieve-
ments in regards of manipulation, property measurements and
device applications of inorganic nanowires sheathed inside nano-
tubes according to different categories of the ﬁlling materials, i.e.,
metals, alloys, compounds and semiconductor–metal heterojunc-
tion nanowires. We also highlight the irreplaceable value of in-situ
TEM technology in this ﬁeld, compare different ﬁllings for so-called
nanothermometers, discuss mass transportation mechanism in
2 Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49nanotubes, and conclude with an outlook of future developments
and challenging issues that are still in the premature stage.
 2014 The Authors. Published by Elsevier Ltd. This is an open
access article under the CC BY license (http://creativecommons.org/
licenses/by/3.0/).Contents
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1. Introduction
The identiﬁcation of carbon nanotubes (CNTs) in 1991 [1] has been followed by intense experimen-
tal and theoretical research on other inorganic nanotubes, including their synthesis, properties and
applications. During the last decade, a variety of inorganic solids with layered (besides carbon) or
non-layered crystal lattices have been found to form tubular structures. Nowadays, the reported
inorganic nanotubes constitute many families such as transition metal chalcogenides [2–8], transition
metal and rare earth oxides [3,5,9–14], transition metal halogenous [15], elemental metals [16–19]
and boron- and silicon-based materials [20–27]. Such tubes show unique electronic, optical, mechan-
ical and chemical properties and offer a great potential for various applications [28–30]. A most
promising nanotube application relies on its characteristic internal hollow cavity peculiar to a tubular
shape, implying some intriguing capillarity and wetting phenomena and inter-core chemistry [31–35].
For example, the inorganic nanotubes can serve as nanoreactors for introducing reactive species and
reactants, followed by desired reactions in conﬁned nanotube space [36]. Nanowire sheathed inside
the nanotubes and forming so-called core/shell nanowire heterostructures (or so-called nanocables)
made of host nanotube and guest ﬁlling material are of particular interest in this regard [37–40].
The initial studies were carried out in 1993 on the systems which demonstrated the successful ﬁlling
or encapsulation of metals, such as Pb [38] or binary oxides, such as Pb3O4 [41] into multi-walled
CNTs, resulting in the synthesis of Pb/CNT or Pb3O4/CNT core/shell nanowire heterostructures. Addi-
tionally, single-walled CNTs were also successfully ﬁlled with a metal halide (RuCl3) [42], forming the
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 3ﬁrst reported single-walled CNT based core/shell nanowire heterostructures. After that, many inor-
ganic nanotubes have been ﬁlled with various inorganic materials such as metals [43], alloys [40],
semiconductors [36,44,45], insulators [39] and even metal–semiconductor heterojunctions [46,47]
using different synthetic strategies such as capillary ﬁlling [31–35] and chemical vapor deposition
[48–50], thus producing many kinds of core/shell structures. These nanowire heterostructures open
new possibilities for demonstrating unusual properties, which are realized through a control over
the composition and interface quality [51]. This ﬁeld becomes increasingly important for assembling
prototype devices, which feature the passivation effects, electrical insulation, charge transfer and
internal ﬁeld generation [52]. To this end, potential applications in nanoelectronics and nanophoton-
ics, measurements of temperature at the nanoscale [53], nano-spot welding [54], photo-protective
storage [55,56] and the mass delivery of extremely small quantities of materials [57] have been
demonstrated.
The exquisite manipulation and exact measurement of properties of individual nanomaterials,
compared with notable progress in their preparation, have not been thoroughly addressed albeit
being of prime importance for the sustained development of new devices [58–61]. To date, several
instruments have been designed for such goals, namely, scanning electron microscopes (SEM),
atomic force microscopes (AFM) and transmission electron microscopes (TEM) [62,63]. Compared
with the ﬁrst two setups, which have no direct access to the material internal structure and atomic
bonding information [64–67], the state-of-the-art in situ high-resolution TEM technique allows one
to not only manipulate with an individual object at the nano-scale precision but to also get deep
insights into its physical, chemical, and microstructural statuses [68–71]. Combining the capabilities
of a conventional high-resolution TEM and AFM or STM probes produces advanced and dedicated
TEM holders, which are becoming the powerful tools in nanomaterials manipulation and properties
analysis. Such holders have been commercialized, for instance, by ‘‘Nanofactory Instruments AB’’,
Goteborg, Sweden [72]. The full usefulness of these advanced in-situ TEM techniques is apparent
with respect to mechanical and thermal property analysis of individual nanostructures, e.g., elastic-
ity, plasticity and strength data while employing direct bent or tensile tests [73–75], probing elec-
trical characteristics, e.g., ﬁeld emission [27,76,77], electrical transport tracing [78–80], soldering
[81,82], and doping [83], etc.
The nanowires encapsulated into nanotubes and forming core/shell nanowire heterostructures
have been realized from different types of electrical material combinations, such as semiconductor–
metal [84–86], semiconductor–semiconductor [87–89], and insulator–metal [90]. Over the years
our research group has concentrated on the synthesis and property studies of various inorganic
nanotubes, which have covered many groups of the periodic table, such as IV (C and Si) [91–97],
III–V (BN, AlN, GaN, InN) [28,73,83,98–116], II–VI (ZnS, ZnSe, CdS and CdSe) [43,46,117–122] and oxi-
des [123–126]. In addition, these as-synthesized nanotubes have been ﬁlled with various inorganic
nanowires using a rational synthesis approach, and then accurate TEM manipulation and property
studies, device design and fabrication have been accomplished [127,128]. We have demonstrated
the usefulness of the in-situ TEM techniques for property analysis and on-demand nano-engineering
of ﬁlled nanotubes with respect to diverse phenomena: ﬁlling/emptying [129], heating/cooling [53],
welding [130,131], mass transport [78], puriﬁcation [132,133], electron-beam irradiation [82,134],
etc. of nanotubes ﬁlled with foreign materials. Recent in-depth study has revealed more applications
for these 1D nanomaterials [76,135–138]. However, a systematic review on manipulation, property
analysis and potential applications of these inorganic nanowires ﬁlled into nanotubes using the in-situ
HRTEM techniques has not yet been presented.
Many research groups have been working on inorganic nanowires encapsulated into nanotubes
using modern in-situ TEM techniques. For example, Iijima et al. had presented that a W particle encap-
sulated inside the double-walled carbon nanotube could migrate back and forth by changing the
polarity of the input voltage [139]. Collier et al. found that liquid mercury in its nonwetting state
inside SWNT could move or evaporate rapidly under the electron beam irradiation [140]. Taking all
these together, all ﬁlling materials inside nanotubes, i.e., their cores, can generally be classiﬁed into
several categories: elements, compounds, and heterostructured materials. In this feature article, we
summarize main reported results according this classiﬁcation. In the ﬁrst section, we present a sys-
tematic review on the manipulation and properties of metallic core/tube shell heterostructures made
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and Ge [143]), and highlight their peculiar applications known as ‘‘nanothermometers’’. In the second
section, we provide an introduction and summary in relation to the compound cores (e.g., CuI [78],
Fe3C [144], ZnS [46,145–147], and Zn0.92Ga0.08S [128]) insides nanotubes. These have demonstrated
many interesting results, such as, unique temperature proﬁles and thermal gradients both along
and across the CNTs. In the third section, we present a series of semiconductor–metal heterojunction
nanowires sheathed by nanotube shells (e.g., In–Si@SiO2 [148], Ga–ZnS@SiO2 [149], Ga–Mg3N2@C
[86]), which open up the prospects for smart design of electron-beam irradiation- or heat-driven elec-
trical switches and sensors.2. In-situ manipulation of elemental metals and alloys ﬁlled in nanotubes and their applications
After the synthesis of various elemental metal (e.g., Au, Cu, Fe, Co, Hg, Ag, and Ge) ﬁlled CNTs,
extensive studies have been carried out on these unique nanostructures, especially utilizing in-situ
TEM techniques, including electron-beam irradiation, in-situ heating/cooling, and in-situ TEM–STM
and TEM–AFM measurements. For example, Ga-ﬁlled CNTs as nanothermometers have attracted wide
interest in regards of their great potentials in many microenvironments [127]. Under in-situ TEM–STM
measurements, successful soldering of a Cu-ﬁlled CNT onto another CNT reﬂected a promise for nano-
spot welding [54]. Likewise, thermal dip-pen lithography and shuttling mass transport of Fe-ﬁlled CNT
demonstrated that it might be used for an electromechanical memory device [150].
In this section, we will review these important studies in two parts. The ﬁrst part introduces the
applications in nanothermometers or electro/thermo-driven switches when the nanotubes are ﬁlled
with low melting point metals. The second section discusses the mechanism of electric bias actuated
transport of ﬁllings in CNTs, which are proposed to function as ‘‘nanopipettes’’ and may be used in
electromechanical memory devices and nano spot welding. We also introduce the manipulations on
several metal nanowires encapsulated in nanotubes, including in-situ cutting, interconnection, and
welding using electron beam irradiation technique, which may provide a new approach toward inte-
grating these 1D nanostructures into functional devices and circuits.
2.1. Low melting point metal and alloy ﬁlled in nanotubes
In 2002, the concept of ‘‘nanothermometers’’ was ﬁrst proposed by Gao and Bando [127], which is
based on thermal expansion and cold contraction of liquid gallium column ﬁlled in carbon nanotubes.
After that, many researches on other materials ﬁlled in inorganic nanotubes except CNTs and perform-
ing as nanothermometers were reported. Also, it has been demonstrated that the heterostructured
nanowire ﬁlled inorganic nanotubes may have promising applications in temperature-driven electri-
cal switches and/or sensors within an electronic device.
2.1.1. Ga@nanotubes
2.1.1.1. Thermal properties and nanothermometers. Due to the fact that Ga has one of the widest liquid
ranges among all metals (29.78–2403 C) and a low vapor pressure even at high temperatures
( 100 Pa at 1620 K) [151], Ga-ﬁlling inside CNTs with this novel thermal behavior has resulted in
creation of ﬁrst nanothermometers.
Gao and Bando [127] ﬁrst described how the height of a continuous, unidimensional column of a
liquid Ga-ﬁlling inside a CNT (up to about 10 micrometres long and about 75 nanometres in diameter)
expands/contracts linearly and reproducibly in the temperature range of 50–500 C, with an expan-
sion coefﬁcient that is the same as for Ga in its macroscopic state, which meets the requirements of
a ﬁlled-system thermometer in this range (Fig. 1). With the help of a TEM, the temperature recorded
by the nanothermometer in-situ was possible to read, given that the walls of the CNTs and the space
inside, as well as the liquid Ga level, can be clearly seen even using an instrument operated at only
10 keV [127]. The volumetric change of liquid Ga in the macroscopic state upon heating could be
described by vt = v0(1 + aDt), where vt and v0 are the volumes at temperatures t and t0, respectively,
Dt = t  t0, and a is the volumetric-expansion coefﬁcient, which was derived from the measurements
Fig. 1. (a–c) A Ga-ﬁlling with a diameter 75 nm and a continuous length of up to 7560 nm inside a CNT. When the temperature
of the Ga-ﬁlling increased or decreased in the range of 50–500 C, the level of the liquid Ga-ﬁlling rises or falls consistently. (d)
The variation with temperature of the height of the liquid Ga-ﬁlling (meniscus) in the host CNT, using the level at 58 C as a
reference (reproduced from Ref. [127]).
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 5of density against temperature to be 0.1015  103 K1 at 30–977 C [151]. Importantly, the changes
in length and diameter of the CNT itself can be disregarded because of the minute linear expansion
coefﬁcient of graphite (about 1  106/C at 20–500 C) [152], so the height of the liquid Ga-ﬁlling
is solely determined by its volume at a given temperature. For such a nanothermometer, the
temperature can be measured as: t = 58 + Dh/0.753, where Dh (in nm) is the difference in height of
a Ga column at t C and 58 C.
It is well known that the behavior of a liquid conﬁned in very small pores can be very different from
its behavior in the normal bulk form [153–156]. However, Gao’s report has demonstrated that Ga-ﬁll-
ing (with a diameter 75 nm) expansion kinetics virtually matches those of Ga in macroscopic state,
and are not affected by the surface effects, although the material has the nanoscale dimensions; the
latter typically affects the material melting point. In order to explain this phenomenon, a quantitative
thermodynamic model has been applied for analyzing thermal expansion characteristics of such
Ga-ﬁlling in a CNT [157]. The schematic is shown in Fig. 2. Considering the effect of surface tensionFig. 2. (a and b) A sketch of a Ga tip having a contact angle h, curvature radius R, column radius r1. ctSV, ctSL, and ctLV are the
surface tensions on the solid–vapor, solid–liquid, and liquid–vapor interfaces at a given temperature t, respectively. (c) The
calculated expansion coefﬁcient a versus radius r1 at 230 C. When r1 = 37.5, 5, and 0.94 nm, a equals 0.997, 0.975, and 0.868 a0,
respectively (reproduced from Ref. [157]).
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ð1Þwhere pt,inner and pt,outer are the liquid inner and outer pressure, respectively, h is the contact angle
between the liquid and solid, a0 is the volume expansion coefﬁcient at a given temperature t0 and zero
inner pressure, and j is the volume compression coefﬁcient. Actually, the difference in the inner and
outer pressure pt,inner  pt,outer is proportional to 1/r1, which conﬁrms that the thermal expansion coef-
ﬁcient a of the 1D nanoscale Ga liquid column is, in fact, a function of the column radius r1. Fig. 2c
shows that a of a Ga column with a 10 nm diameter (or longer than 10 nm) is almost equal to a0 in
the range 50–500 C. Therefore, the expansion coefﬁcient a0 of Ga in a macroscopic state may be
directly used for the calibration of a nanothermometer with a diameterP 10 nm. Based on these anal-
ysis, it is quantitatively explained why a liquid Ga column of 75 nm diameter has virtually the same
expansion coefﬁcient as that of Ga in a macroscopic state in the range of 50–500 C.
Besides the expansion coefﬁcient, the exact knowledge of melting and freezing (solidiﬁcation)
point of Ga-ﬁlling inside a CNT are also needed for practical applications. Liu et al. [158] investigated
freezing and melting behavior of Ga encapsulated in CNTs through in-situ TEM observation using a
Gatan model 900 cold stage. In the liquid state, the length of the encapsulated Ga column varied lin-
early with temperature. Interestingly, Ga was found to exhibit unusual freezing and melting behaviors
when conﬁned inside a CNT, remaining liquid down to temperatures as low as 80 C; note that the
melting point of Ga is about 29.78 C in a normal environment (Fig. 3). This sudden sharp volume(a–e) Ga volume contraction and expansion inside a CNT upon cooling and heating: (a) at room temperature, 21 C,
cooling; (b) at 40 C; (c) at 80 C, solidiﬁcation occurred; (d) the crystallized Ga melted at 20 C; (e) reheated to
mperature, 21 C. (f) The Ga column length variations plotted against temperature. The length variations are relative
hanges compared with the initial length at 21 C before cooling. The blue curve corresponds to cooling and the red curve
onds to heating. Scale bar = 100 nm (reproduced from Ref. [158]).
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 7(length) decrease of the encapsulated Ga column upon solidiﬁcation (80 C) obviously indicated that
the encapsulated Ga crystallized in another phase rather than in its common a-phase (orthorhombic)
because Ga is an ice-type element and it expands 3.1% on solidifying in a-phase. In order to obtain the
detailed phase transport process of Ga, nano-beam electron diffraction analysis technique was applied
(Fig. 4). Further detailed experiments and nano-beam electron diffraction analyses show that the
sudden large volume contractions occurred at 70 C and 80 C (Fig. 4b and c) indicating freezingFig. 4. (a–f) TEMmicrographs showing solidiﬁcation and melting of both b-Ga and c-Ga in the same CNT: (a) at 69 C, both Ga
columns were liquid; (b) the upper Ga column crystallized in c phase at 70 C; (c) the lower Ga column crystallized in b phase
at 80 C; (d) at 23 C, both Ga columns were in solid state; (e) c-Ga (upper column) was melted at 21 C; (f) b-Ga (lower
column) was melted at 20 C. The arrows and the dashed lines indicate the sudden large volume contractions and expansions
upon solidiﬁcation and melting. Scale bar = 100 nm. (g) TEM micrograph showing the CNT containing two Ga columns
separated by a small gap (arrowed). (h and i) Electron diffraction patterns from upper Ga column which correspond to c-Ga in
[010] and [123] zone axis, respectively. (j and k) Electron diffraction patterns from lower Ga column which correspond to b-Ga
in [310] and [510] zone axis, respectively (reproduced from Ref. [158]).
8 Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49of c-Ga (orthorhombic) and b-Ga (monoclinic), respectively, although the melting points of the two
phases are only about 1 C apart. While the melting point of the encapsulated b-Ga is very close to
the melting point of its bulk form (16.3 C), the encapsulated c-Ga, however, melts at a substantially
higher temperature than the bulky c-Ga (35.6 C).2.1.1.2. Manipulation for temperature measurements. All the above analyses have shown that the linear
thermal expansion behavior of Ga embedded into CNTs (with a diameterP 10 nm) may be directly
used for temperature measurements in a microenvironment. However, in-situ nanothermometer cal-
ibration and temperature measurements inside TEM have not directly been related to the real device
and/or environment temperature but only to the temperature inside a high-vacuum TEM chamber, so
the key problem that needs to be solved is how the temperature can be recorded and extracted from a
nanothermometer placed into a given practical microenvironment.
Gao et al. [159] introduced a technique showing that a Ga-ﬁlled CNT thermometer can be used for
temperature measurements in a standard air environment. This technique requires preliminary
identiﬁcation and calibration of the nanothermometer in TEM. The principle of temperature recording
is based upon the fact that the surface layer of an encapsulated Ga column inside a one-side-open CNT
oxidizes at high temperature in an air-containing environment, e.g., a standard furnace; and the Ga
oxide layer tightly sticks to the tube inner wall when the environment cools down. Besides, a clear
mark corresponding to the oxide layer position can be easily found within the CNT channel in TEM
and compared with the initial TEM images of the same Ga-ﬁlled CNT. Fig. 5 shows an example of such
experiment. This nanothermometer, of which one tip of the CNT is sealed and the other end is open,
was put into a furnace, heated by a calibrated thermocouple for 20 min in air, then cooled down to
room temperature (20 C), and inserted back into the TEM (Fig. 5d). As Gao et al. [159] demonstrated,Fig. 5. (a–f) TEM images of a CNT nanothermometer containing a continuous Ga column: (a–c) before placing the thermometer
into a furnace heated to a high temperature in air; (d–f) after extracting the thermometer from the furnace, i.e., after measuring
its temperature. There was a notable Ga-column height change, DH of 170 nm, at the open tip-end side, corresponding to a
volume change, DV of 2.810  106 nm3. All micrographs were taken at 20 C (reproduced from Ref. [159]).
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 9the volume correspondingly increased by 0.24% when the temperature increased from 20 C to 58 C,
so the empirical equation could be expressed as follows:Fig. 6.
with a
(21 C);T ¼ 58þ DV  V0  0:24%=a0ðV0 þ V0  0:24%Þ ð2Þ
Using the above equation, the temperature experienced by the nanothermometer inside the
furnace, in air, was calculated as 341 C. In fact, the real temperature in furnace measured by a
calibrated thermocouple was 358 C. Therefore, the regarded temperature measurement technique
using a nanothermometer was fairly accurate, with only 5% deviation from the actual temperature.
Reproducibility of this temperature measurement technique was additionally veriﬁed and 5–10%
variability was documented.
However, it is worth noting that this approach is complex, because it limits the measurements to
those done within TEM and requires that the same nanothermometer should be repeatedly found after
its use to make the ﬁnal reading. Needless to say, this is a difﬁcult task. In order to solve this problem,
Liu et al. [95] developed a simple one-step approach without the need for calibration process of a CNT
nanothermometer. This new procedure is shown schematically in Fig. 6. In this new oxidation-assisted
temperature recording approach, a relatively short annealing period of the CNT resulted in the oxida-
tion and solidiﬁcation at the tip of the Ga column, which created a visible marker (Fig. 6c). The mea-
sured temperature (145 C) was in a good agreement with the original heating temperature of 150 C.(a–d) Schematic representation of the process of oxidation-assisted temperature recording. (e–h) A CNT thermometer
marker at the end of the tube that was used to retrieve the temperature of the target (150 C): (e) at room temperature
(f) at 70 C; (g) at 120 C; (h) at 145 C. Scale bar = 100 nm (reproduced from Ref. [95]).
10 Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49Reproducibility of such temperature measurements was additionally veriﬁed and it was found that the
new approach is very effective for a moderate temperature range of 80–350 C.
Both the former and latter approaches are based on Ga oxidation which makes a peculiar Ga oxide
mark on the nanothermometer inner wall. Compared with the former method, in practice, the latter
approach proposed by Liu et al. is much simpler and far more reliable, because it not only increases the
statistical reliability by placing a considerable number of CNT nanothermometers in direct contact
with the target, rather than focusing on a single CNT, but also clearly improves the accuracy of tem-
perature measurement, the error becomes less than 5%.
In order to ensure that oxidation-assisted approaches work efﬁciently for practical temperature
measurements, the dimensions of a nanothermometer must be another important aspect which
should be taken into account. Thus, on-demand nano-engineering of the nanothermometers becomes
of importance for the real device fabrication. As well known, a nanosized electron beam generated
within a ﬁeld emission TEM is a powerful tool for delicate engineering of nanostructures due to local
atom collisions with high-energy electrons [160–165]. So far, using electron-beam irradiation, joining,
cutting, and sealing of Ga-ﬁlled CNT composite nanostructures have been successfully achieved [166].
In practice, the interaction between Ga fragments and the inner wall of the CNTs has been discussed in
theory and it was found that the encapsulated Ga nanowire could easily slide in the inner wall of the
CNTs [167], which is in accordance with the experimental results. It is estimated that a specimen can
typically be heated to approximately 100 C during the irradiation process, as shown in Fig. 7a [168],
which is far above the melting point of metallic Ga (29.8 C). The Ga column segment continuously
expands due to beam irradiation induced heating, which is focused within a spot of 100 nm in
diameter. Under a convergent electron beam irradiation (5 nm), this nanostructure may be separated
into two discrete parts. This is due to the self-organization phenomena taking place on the tip of the
separated Ga-ﬁlled CNT composite nanostructure due to a sufﬁcient structural ﬂuidity under irradia-
tion. Hence, the electron-beam irradiation can cause local structural transformations within the car-
bon nanotube, which not only calibrates the thermometers by producing marks on their periphery
but also fabricates CNT nanothermometers with speciﬁc dimensions.
To sum up, the linear thermal expansion of a liquid gallium column conﬁned to a carbon nanotube
has led to the creation of a carbon nanotube-based nanothermometer. However, this structure has an
inadmissible weakness: carbon nanotubes are prone to fast degradation or oxidation in air as the tem-
perature reaches 600–700 C [41,169]. Thus, development of some more thermally stable materials
which may replace carbon for nanothermometer cover, e.g., refractory compounds, could broaden
the high-temperature applications of nanothermometers. For example, Li et al. [53] reported a liquid
metal-assisted way for the synthesis of single-crystal MgO nanotubes and investigated the linear ther-
mal expansion of the embedded liquid Ga ﬁllings. The in-situ heating of liquid Ga column inside MgO
nanotubes was performed using the Gatan heating holder in a JEM-3000F TEM. Fig. 8d shows several
representative TEM micrographs of a MgO nanotube ﬁlled with two separate Ga fragments that were
taken in the temperature range of 303–967 K. Using the distance between the two fragments of Ga at
303 K as a reference, a temperature value can be easily obtained by routine measurements of the dis-
tance d (nm), as expressed in Eq. (3):T ¼ T0 þ 1:39 104  ðd0  dÞ=L0 ð3Þwhere L0 and d0 are the entire length of a Ga ﬁlling and the distance between the two fragments at T0,
respectively, and d is the distance at a given T. This Ga-ﬁlled MgO nanotube can be effectively used as a
nanothermometer in various hazardous microenvironments, in particular, at a high temperature due
to excellent refractory and thermal properties of a single-crystal MgO tubular shield (b.p. of 3073 K)
and a wide liquid range of Ga. This naturally makes the Ga-ﬁlled MgO nanotubes a perfect wide
temperature range nanothermometers compared with the ﬁrstly discovered CNT-based ones.
So far, the Ga-ﬁlled CNT composite nanostructures have been demonstrated to be successful
candidates for nano-engineering of nanothermometers. Using an oxidation-assisted temperature
recording approach, which has been ﬁrstly proposed by Gao et al. [159] and improved by Liu et al.
[95], the error of temperature measurement has been reduced to <5%. Most importantly, in practice,
this novel approach can be carried out in a standard air environment and is also applicable to other
Fig. 7. (a–e) Consecutive TEM images showing joining of two discrete liquid Ga segments under electron-beam irradiation: (a)
0 min; (b) 2 min; (c) 5 min; (d) 8 min; (e) 10 min. The circle marks the electron beam. The scale bar is equal to 50 nm. (f–k) TEM
images depicting the morphological changes of a Ga-ﬁlled CNT composite nanostructure when it is irradiated with a scanning
electron beam: (f) the white dot shows the electron beam position; (g) 0 min; (h) 2 min; (i) 4 min; (j) 7 min; (k) 9 min
(reproduced from Ref. [166]).
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ﬁlled with In [134], and CNTs ﬁlled with In [170]. The later discovered nanothermometer based on
liquid Ga ﬁlled in MgO nanotubes can perform in a wider-temperature range compared with in CNTs,
and thus is expected to have broad applications in nanotechnology ﬁeld.
2.1.1.3. Electrical properties and switches. The linear thermal expansion behavior of liquid Ga column
embedded into the above mentioned nanotubes may directly inﬂuence the electrical properties of
such individual Ga-ﬁlled nanotube composites.
Dorozhkin et al. [93] performed electrical transport measurements on individual Ga partially
ﬁlled CNTs by using atomic force microscopy (AFM) with a conductive cantilever (in spreading
resistance mode) [171]. A schematic of the experimental setup is given in Fig. 9a and b. The
Fig. 8. (a) TEM image of a MgO nanotube having one-side Ga ﬁlling. (b) TEM image of a MgO nanotube ﬁlled with two separate
Ga fragments. (c) Typical line-scan EDX elemental proﬁles across a ﬁlled nanotube. (d) Consecutive TEM images of a Ga-ﬁlled
MgO nanotube taken at different temperatures (indicated) during heating–cooling. (e) Distance between the tips of the two
separate Ga fragments as a function of temperature (reproduced from Ref. [53]).
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The resulted 130-nm empty region of the CNT caused the measured two-probe resistance of the
whole CNT to increase by 2.1 kX. Fig. 9c–f displays this process in detail. It can be seen that the
CNT’s electrical resistance decreases linearly as temperature increasing. After careful analysis,
the electrical conductivity through unﬁlled carbon nanotube regions was found to be about
10 kX lm1, whereas Ga-ﬁlled segment of the CNT showed metallic behavior with a low resis-
tance of only 100X lm1. Thus, the tube resistance dropped sharply when two encapsulated
Ga columns met each other inside the CNT, producing a sharp switching action that takes place
at the switching temperature. Through on-demand AFM manipulation of the initial (room-temper-
ature) size of the gap in the Ga ﬁlling, l0, the value of the switching temperature, T0, can be
adjusted to any required value. In other words, the above described device is expected to work
as a temperature detector with a linear R(T) dependence in a wide temperature range and to
provide switching action at any predetermined temperature.
The linear thermal expansion and unusual freezing/melting behaviors of Ga embedded into inor-
ganic nanotubes have been systematically studied using in-situ TEM technologies including nanosized
electron beam irradiation, in-situ heating/cooling and in-situ electrical transport measurements,
which are greatly beneﬁcial for the smart fabrication and practical usage of nanothermometers for
temperature measurements. Besides, such Ga-ﬁlled CNT composite nanostructures have also been
demonstrated as highly sensitive metal vapor sensors and absorbents through in-situ heating studies
[129].2.1.2. In@nanotubes
Indium (In) has a low melting point of 156.6 C and belongs to the same family as gallium in the
periodic table [151], thus it may be ﬁlled into the nanotubes for making nanothermometers. In-ﬁlled
CNTs were ﬁrst synthesized in 2002 via chemical vapor deposition [170], then In has been ﬁlled inside
various inorganic nanotubes forming nanowire core/shell heterostructures, including In@Si [172],
In@In2O3 [134,173], In@GaN [110], etc. Importantly, this metallic In has a large expansion coefﬁcient
Fig. 9. (a) A schematic of the experimental setup. An individual CNT completely ﬁlled with Ga was placed across two tungsten
(W) electrodes. (b) The CNT current–voltage characteristics before (—) and after (-- -) local squeezing of Ga. The CNT shown in
right inset had a gap at the site where a force was applied, i.e. the Ga was locally squeezed out of the CNT. The tube resistance
increased by a value of 2.1 kX, giving the resistance of the 130-nm-long empty tube segment. (c) An individual Ga-ﬁlled CNT is
placed across two metal electrodes. (d) A gap length l is produced in the Ga ﬁlling of the CNT by nanoindentation using AFM.
Subsequent heating/cooling leads to decrease/increase of the gap length, respectively. (e) Expected temperature dependence of
the tube resistance, R(T). R(T) decreases linearly with temperature as the gap in the Ga ﬁlling decreases linearly with
temperature. Temperature points 1–4, marked on the curve, correspond to those labeled in (d). At the moment when the gap in
the Ga ﬁlling disappears, R(T) shows a switching action: a sharp drop occurs, corresponding to the value of contact resistance
between Ga and CNT shell. (f) TEM veriﬁcation of the temperature-induced shrinkage of the gap in the Ga ﬁlling (reproduced
from Ref. [93]).
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 13of 0.116  103 K1, which is good in terms of nanothermometer sensitivity. Below, we summarize the
results available for on-demand nano-engineering under electron-beam irradiation/electric current
passing and analyze the thermo expansion behavior of In-ﬁlled nanothermometers.2.1.2.1. Application in nanothermometers. The morphology, melting, and expansion behavior of In-ﬁlled
CNT nanomaterials under heating process have been thoroughly studied [170]. During in-situ heating,
abrupt increase in In volume inside CNTs is apparent because the density of liquid In is lower than that
14 Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49of solid [152]. These experiments were carried out in TEM using a Gatan heating system (Hot Stage
Power Supply, Model 628-0500). It was seen that the meniscus shape and height had been changed
even if the temperature was lower than the melting point of Indium of 156.6 C (Fig. 10). The large
expansion coefﬁcient of 0.325  103 K1 (almost three times of the standard coefﬁcient of In [151],
0.116  103 K1) in Process II and uncommon height decreases in process III may be because of some
N2 bubble dissolution in In during the material synthesis and N2 escaped when the temperature was
kept at 377 C. In the temperature decrease stage, the process IV is characterized by an expansion coef-
ﬁcient of 0.100  103 K1, which virtually ﬁts the coefﬁcient in a macroscopic state. Thus, excluding
the effect of dissolved gas in indium is prerequisite for the right manipulation with In-based
nanothermometers.
Later, the thermal expansion behavior of an In column inside silica nanotubes was further investi-
gated using a Gatan heating holder in the TEM [172]. As shown in Fig. 11, the linear thermal expansion
behavior could be observed during heating–cooling cycles in TEM. These results demonstrate that the
melting point of In columns conﬁned in silica nanotubes is 152 C, which is slightly lower than the
standard value of a macroscopic In phase (156 C). Importantly, the as-prepared In-ﬁlled silica nano-
tubes could used as novel Si nanotubes-based thermometer with a superior environmental stability
which is fully capable of performing measurements in a high-temperature range.2.1.2.2. Manipulation under electron beam irradiation. For the reason that In has a rather low melting
point, In ﬁllings may be easily melted under electron-beam irradiation. During TEM observations,
the In-ﬁlled In2O3 nanotubes were in-situ tailored via two different processes under strong elec-
tron-beam irradiation, which is useful for on-demand nano-engineering [134]. One process is In core
melting, its moving and resolidifying via electron beam displacements (Fig. 12a–c). Another process is
a liquid In–O alloy droplet reservoir formation at the irradiated site as the electron beam was con-
verged to a small area on the nanotube body (approximately several nanometers in diameter) under
dissolution of In2O3 wall next to the melt. Under continuous irradiation, the liquid droplet disappeared
as a result of vaporization and the nanotube broke into two discrete shorter sections (Fig. 12d). If an
electron beam was moved away after the complete collapse of a wall, an amorphous In–O liquid drop-
let, and a junction were formed, as shown on the right-hand part of Fig. 12e. In addition, it was
observed in 2004 that liquid In may be not only transported inside a nanotube but also on the CNT
surface in the manner of a mass conveyer when the tube experiences an electrostatic potential
between its two ends [174]. Latter, Golberg et al. [175] have also observed the continuous ‘‘birth’’
and ‘‘death’’ of small liquid In droplets on amorphous insulating silica nanotubes [176] under electronFig. 10. (a–h) Morphological changes of the In meniscus at the temperature: (a) 21 C; (b) 35 C; (c) 89 C; (d) 126 C; (e)
170 C; (f) 270 C; (g) 322 C; (h) 377 C. (i) The entire morphology of the In column when the temperature decreases back to
21 C. (j) Meniscus height as a function of temperature. Process I corresponds to melting. Process II is an expansion with a
coefﬁcient 0.325  103 K1. Process III corresponds to the meniscus height decrease at 377 C, while the temperature is kept
constant during 5 min. Process IV corresponds to the temperature decrease. Process V means a still meniscus even the
temperature decreases (reproduced from Ref. [170]).
Fig. 11. (a) TEM images of an In-ﬁlled silica nanotube at different temperatures (indicated) during an in-situ TEM heating–
cooling cycle. Scale bar: 100 nm. (b) The plot of length change as a function of temperature (N: heating;r: cooling) (reproduced
from Ref. [172]).
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reports it may be noted that In balls are transported on a highly electrically conducting CNT, but no
In mass transport occurred at/in electrically insulating silica tubes. That is, the electrical ﬁeld driven
migration is suggested to be the key factor inﬂuencing the mass transport of indium; the transport
proceeds toward the cathode in direct current-assisted experiments.2.1.3. Sn@nanotubes
At ambient pressure, ordinary white-colored Sn (b-Sn, tetragonal phase) transforms into powdery
gray tin (a-Sn, diamond structured cubic phase) below 13.2 C, called ‘tin pest’. Due to this, a-Sn has
no metallic properties: it is a dull gray powdery material without wide uses except a few specialized
semiconductor applications [177,178]. Metallic Sn melts at 232 C and boils at 2260 C, therefore it has
a wide liquid range [179], possesses unusual crystallization behaviors and displays a rather complex
phase diagram exhibiting many stable and metastable phases, thus having enormous potentials for
low-temperature nanodevices [180]. It is well known that the behavior of nanoscale materials can
be quite different from that of their corresponding bulk counterparts [153,156]. For an example, sig-
niﬁcant melting-point depression and large hysteresis between melting and freezing (solidiﬁcation)
have been observed for Ga encapsulated in CNTs. Similarly, the melting and phase transformation
of Sn in nanoscale are worth studying.
Many effective methods (e.g. CVD, Solution–Liquid–Solid–Solid) have been developed for fabricat-
ing Sn-ﬁlling in nanotubes (e.g., Sn@ZnS NTs [120], Sn@In(OH)3 NTs [181], Sn@CNTs [182], and
Sn@Ga2O3 NTs [183]) and their properties and possibilities for manipulations were studied. In 2008,
we have developed novel, unconventional ribbon-shaped Sn-ﬁlled Ga2O3 nanotubes and then studied
their engineering under EB irradiation [183] for applications as electrically/thermally driven switches
[180]. Using a heating TEM holder, the melting and phase transformation of a Sn nanowire encapsu-
lated in the b-Ga2O3 nanotube were directly observed and recorded using the CCD camera attached to
the microscope. We found that the melting point of Sn nanowires inside a Ga2O3 nanotube is 58 C,
far below the standard value (232 C) for bulk Sn, and its crystal phase remains unchanged throughout
Fig. 12. In-situ tailoring of In ﬁllings and In2O3 nanotubes via electron-beam irradiation. (a) A nanotube with one end closed.
There is no In ﬁlling near the tip-end. (b) Melting and moving of an In ﬁlling to the tip-end in nanotubes via electron beam
displacements. (c) Another short section of In ﬁlling melted, moved, and resolidiﬁed during a similar experiment as that in (b).
Note that a discernable contraction takes place after the tip section of an In melt solidiﬁes. (d) Fragmentation of a nanotube into
two discrete sections. (e) Insertion of a junction into a nanocable. Scale bars are 100 nm (reproduced from Ref. [134]).
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between individual CNTs via their central cores was also realized [184].
2.1.3.1. Manipulation under electron beam irradiation. Monoclinic gallium oxide (b-Ga2O3), one of the
transparent conducting oxides, is an insulator with a wide band gap of 4.9 eV but it becomes an
n-type semiconductor when synthesized under reducing conditions [185,186]. b-Ga2O3 nanotubes
fabricated by Hu et al. [183] had a ﬂattened and thin ribbon-shaped morphology with the inner
channel partially ﬁlled with Sn nanowires, forming metal–semiconductor heterostructures, as shown
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delicate manipulation with a given Sn nanowire. In our experiment, the temperature in the vicinity of
the Sn nanowire increased under electron irradiation, then the wire thermally expanded at a very low
basic pressure (1  105 Pa) in the TEM chamber, which drove the Sn nanowires within a Ga2O3
ribbon-shaped nanotube. When the beam was gradually moved out of the Sn nanowire area, the Sn
nanowires cooled down and merged inside the tube. These controlled thermal expansion and move-
ment of Sn nanowires inside Ga2O3 nanotubes can make the design of EB- and temperature-driven
electrical switches and/or sensors possible.
2.1.3.2. Sn-ﬁlled b-Ga2O3 nanotubes as nanothermometers. In our recent report [180], in-situ heating
and cooling experiments with the Sn nanowires ﬁlled inside Ga2O3 nanotubes were performed using
heating holder systems (Gatan models: 901 and 900) inside a TEM, demonstrating that these nano-
structures are applicable for wide temperature range nanothermometers. The liquid Sn column
expands with increasing temperature, and contracts with decreasing temperature during heating/
cooling cycles with a volumetric expansion coefﬁcient of 1.24  104 K1, as calculated from the liquid
Sn ﬁlling. This number is a little higher than that of the bulk matter (1.13  104 K1). By contrast, the
expansion coefﬁcient of b-Ga2O3 nanotubes is as low as 4.6  106 K1, so that the inﬂuence of Ga2O3
nanotube expansion on the thermal expansion of the whole system can be neglected. Thus, the
prepared Sn-ﬁlled b-Ga2O3 nanotube can be effectively used as the nanothermometers in some oxyg-
enous microenvironments and, in particular, at a very high temperature, due to excellent refractory
and thermal properties of b-Ga2O3 tubular shields, and the wide liquid temperature range of Sn cores.
Representative TEM images of a Sn nanowire-ﬁlled open-ended b-Ga2O3 nanotube, recorded under
heating, are shown in Fig. 14a. Using the position of the Sn ﬁlling at 100 C as a reference, the current
temperature value can easily be obtained by routine measurements of a distance between this
reference point and the new position at a given temperature. The relationship between distance d
(nm) and temperature change T  T0 (C) is obtained, ﬁtting Eq. (4):Fig. 13
maps. (
TEM im
cuttingT ¼ T0 þ 7:78 103  ðd d0ÞL0 ð4Þ. (a) STEM image of a Sn nanowire-ﬁlled b-Ga2O3 ribbon-shaped nanotube, along with (b) Ga; (c) O; (d) Sn elemental
e–f) EDX spectra taken from the Ga2O3 ribbon-shaped nanotube and Sn nanowire ﬁlling, respectively. (g–l) Consecutive
ages displaying a process of the Sn nanowires inside a b-Ga2O3 nanotube under convergent EB irradiation: (g and h)
apart; (i and j) removing; (k and l) rejoining (reproduced from Ref. [183]).
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tively, and d is the distance at a given T.
It has also been observed that Sn nanowire motion in the Ga2O3 nanotubes could modify the overall
microstructure of the Sn-ﬁlled Ga2O3 tubes when heated; the process has two features. One phenom-
enon is liquid Sn overﬂow over the open-ended tube forming a ball that becomes larger with increas-
ing temperature under in-situ heating. Interestingly, such Sn ball gradually recedes back into the tube
with decreasing temperature and ﬁnally returns to its original position (Fig. 14c–e). Another process is
for a half-ﬁlled tube, the gap is easily merged/split along with a linearly proportion for Sn columns
length with increasing/decreasing temperatures (Fig. 14f–h). These movements are fully reversible
and repeatable implying good practical prospects for these structures usage in electrical switches or
temperature sensors.2.1.3.3. Sn-ﬁlled b-Ga2O3 nanotubes as electrically/thermally driven switches. The measurements of elec-
trical properties of individual Sn-ﬁlled Ga2O3 nanotubes were carried out using a new (STM)–TEM
holder system commercialized by Nanofactory Instruments AB [187]. For an as-prepared Sn-ﬁlled
b-Ga2O3 nanotube with an empty channel, the I–V curve shows a Schottky contact between the
Ga2O3 nanotube and the probe/tip, which suggests that the resistance is mainly attributed to the
semiconductor b-Ga2O3 nanotube. By contrast, when the empty channel in the tube disappears, the
corresponding I-V curve indicates the existence of a perfect Ohmic contact between the liquid Sn ﬁll-
ing and STM probe and a very low resistance of 450X, as compared with the former value of
109X (Fig. 15b–d). This phenomenon suggests that a Sn-ﬁlled b-Ga2O3 nanotube could act as a
thermally driven switch with its resistance dependence over a wide resistance range, providing a
switching action at a predetermined temperature.
After that, we successfully constructed a thermally driven switch device based on the Sn-ﬁlled b-
Ga2O3 nanotube, as schematically illustrated in Fig. 15e. An Au (200 nm in thickness) ﬁlm was
deposited by magnetron sputtering to cover the whole SiO2/Si substrate, and then eroded to form
two Au electrodes. The Sn-ﬁlled b-Ga2O3 nanotubes were dispersed in ethanol and then dropped onto
two Au electrodes to form a sensor temperature-response system (STRS). At the beginning, due to the
high resistance of the Sn nanowire-partially-ﬁlled b-Ga2O3 nanotube, the as-constructed temperature
sensor device is in the OFF state (Fig. 15f). When the sensor is heated for 1 min, the ON state is
switched and the lamp ﬂashes (Fig. 15g). When the heater is removed, the liquid Sn columns shrinkFig. 14. (a) Consecutive TEM images of a Sn-ﬁlled b-Ga2O3 nanotube taken at temperatures of at 100 C, 440 C, 1000 C, 710 C,
and 200 C during the heating–cooling process. (b) Distance between the tips of two separated Sn ﬁllings as a function of
temperature. (c–e) Consecutive TEM images showing a Sn column’s motion inside an open-ended b-Ga2O3 nanotube by in-situ
heating at: (c) 110 C; (d) 170 C; (e) 130 C. (f–h) Consecutive TEM images showing two separated Sn columns’ moving inside a
b-Ga2O3 nanotube by in-situ heating at: (f) 100 C; (g) 180 C; (h) 120 C (reproduced from Ref. [180]).
Fig. 15. (a) Schematic of the setup based on the STM–TEM holder. A sharp metal tip is attached to a piezoelectric actuator and is
used to make electrical contact to an individual Sn-ﬁlled Ga2O3 nanotube. (b) A characteristic I–V curve of the Sn-ﬁlled Ga2O3
nanotube with an empty channel segment in the tube. (c) Two Sn ﬁllings migrate in the Ga2O3 nanotube during heating. (d) A
characteristic I–V curve of liquid Sn running through the whole Ga2O3 nanotube. (e) Schematic showing two Au electrodes with
a Sn-ﬁlled b-Ga2O3 nanotube and contacts on the surface of SiO2/Si substrate; inset showing a SEM image of a 1.8 lm-
diameter Sn-ﬁlled b-Ga2O3 nanotube, which connects a pair of electrodes across a 22 lm gap. (f) The photography of a
temperature sensor device. (g and h) Temperature sensor device switch ON/OFF by increasing/decreasing temperature,
respectively (reproduced from Ref. [180]).
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state and the lamp switches off (Fig. 15h). As a result, the repeatable ON and OFF states of the
temperature sensor device are well-controlled by simple heating/cooling.
2.1.4. Other special nanothermometers
Generally, the metals (e.g., Ga, In, and Sn) ﬁlled in nanotubes for using as nanothermometers have
the requirements of the low melting point and/or a wide liquid range. Here we introduce two other
special nanothermometers which have no such conventional characteristics.
2.1.4.1. Pd@ZnO nanotubes. All the above discussed nanothermometers work with ﬁlling materials in a
liquid-like or liquid state. It is still a tremendous challenge to fabricate a high-sensitivity nanother-
mometer working in the solid state in the range of temperature measurements. Unlike liquids, a solid
is not prone to leak out. Of all elements, solid lead (Pb) exhibits the highest thermal expansion with
the exception of mercury (Hg) and alkali metals at room temperature. However, mercury is a liquid
and alkali metals are hazardous at room temperature. For that, fabricating unique Pd@nanotube struc-
tures for high-sensitivity nanothermometers working in the solid state has attracted great attention.
Filling of lead into nanotubes was ﬁrst proposed by Ajayan and Iijima [38], who demonstrated that
annealing of the tubules in the presence of liquid lead could result in opening of the capped tube ends
and subsequent ﬁlling of the tubes with molten material through capillary action. Then the Pb(core)/
ZnO(shell) nanostructures were reported after the growth on a zinc substrate at room temperature
[188]. Their promise as a high-sensitivity nanothermometer was shown [189], this was the ﬁrst avail-
able nanothermometer operating in the solid state.
In-situ TEM technique was used to investigate thermal expansion properties of solid Pb inside
the tubes in real time [189]. Fig. 16 illustrates thermal expansion behavior of two different Pb/ZnOFig. 16. (a–f) TEM images of a selected Pb/ZnO nanocable, with Pb ﬁlling about 16 lm in length, heated from room temperature
to 25, 100, 150, 200, 250, and 300 C, respectively, recorded by video camera in the TEM. (g) Plot of cavity length versus heating
temperature. (h) TEM image of a Pb/ZnO nanocable about 10.5 lm in length. (i) Plot of cavity length versus temperature with
evident linear relationship of Pb expansion in the temperature range of room temperature to 830 C (reproduced from Ref.
[189]).
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that the changes in ZnO nanotube dimensions can be disregarded, since the thermal expansion of ZnO
is rather small (4  106 K1). The coefﬁcients of thermal expansion of Pb was determined and calcu-
lated from the in-situ TEM data, which were measured to be 30 ± 1.7  106 K1 and
120 ± 4.5  106 K1 in the solid and liquid states, respectively. However, when the temperature
was higher than Pb melting temperature of 328 C, Pb in the liquid or nearly liquid state tended to leak
out of the polycrystalline ZnO shell. These results indicate that Pb is quite versatile as a nanotube ﬁll-
ing material. It was also demonstrated that the merit of using solid-state thermometers is less strict
demands with respect to the structural integrity of the outer shell compared with liquid ﬁllings.
ZnO shells are rather stable (up to 830 C) because of their single-crystal character. If Pb could be ﬁlled
into single-crystalline and higher melting point nanotube shells such as MgO, GaN, and Ga2O3, such
nanothermometers could be operable over a wider range of temperatures.
2.1.4.2. Au(Si)@b-Ga2O3 nanotubes. Gold is a transitionmetal with a highmelting point of 1064 C and a
boiling point of 2856 C, which suggests that it may be not suitable for nanothermometors. However,
Gong et al. [190] demonstrated that metallic Au doped by a small amount of Si (6%) once being ﬁlled
into b-Ga2O3 nanotubes can be used as high temperature nanothermometers in the range of 300–
800 C. The real-time expansion behavior was video recorded under heating in a heating holder (Gatan
652 double tilt heating holder). As shown in Fig. 17, the selected ﬁlled nanotubewas heated from 300 toFig. 17. (a) TEM image of a selected Ga2O3 nanotube before heating. (b) Distance of the Au ﬁlling to the top of the cavity during
heating as a function of temperature. (c) TEM images of an Au-ﬁlled Ga2O3 nanotube during heating at different temperatures
(reproduced from Ref. [190]).
22 Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49800 C. Since theGa2O3 becameunstable after annealing at 900–1000 C, suchnanothermometers could
only be operated in a limited range of temperatures of 300–800 C, although the linear expansion
behavior of Au(Si) ﬁlling was observed upto 900 C. However, the linear thermal expansion coefﬁcient
of Au(Si) ﬁlling (1.5  104 K1) is about twice of that of Ga ﬁlling in MgO nanotubes (7.2  105
K1) [159], this propertymay be fruitfully exploited to fabricate a thermometer with higher sensitivity.
For example, for a 670 nm ﬁlling length, the Au(Si) ﬁlling advances about 10 nm per 100 K compared
with only about 5 nm for Ga ﬁlling in MgO nanotubes [53]. On the other hand, after the specimen
was cooled down to room temperature, the ﬁllings retreated to their original positions, which suggested
good thermometer repeatability. It is worthmentioned that the data on the variation of thermal expan-
sion coefﬁcient with Si content for the liquid Au–Si ﬁlling is still unknown, which needs more works
including direct in-situ TEM measurements. In other words, effective controlling of Si content within
Au–Si ﬁllings may enrich the variety of nanothermometers and their reliable applications in various
nanoscale systems.
2.2. Mass transport throught carbon nanotubes
In addition to nanothermometers, ﬁlling carbon nanotubes with metals [31,33,38] might also cre-
ate other intriguing multifunctional nanodevices such as electrical nanocables, nanomagnets, melt or
cluster pipelines, small mass conveyers, and nanoswitches [93,191]. In the fabrication process of these
nanoscale devices, the STM has evolved into a powerful tool for manipulations with materials with the
nanometer scale precision, especially for electric/thermal driven mass transport. However, high-reso-
lution TEM facilities offer the rare possibility to gain the deepest insights into the crystal structure of
the ﬁllings before, during, and after mass transport. By combining these effective techniques, the mass
transport of several metals has been observed (e.g., Cu and Fe). The observed phenomena, have been
valuable in the elucidation of the dominating migration mechanism.
Although many theoretical works in regards of mass transport in nanotubes [54,57,139,174] have
been previously carried out, however, the mechanism of the electric bias actuated transport is still
arguing at present [78,150,184,192,193]. Generally, for a two terminal connected multi-walled CNT
under an electric bias there are mainly three mass transport mechanisms. One is thermal evaporation,
meaning that ﬁlling changes its size; one is thermomigration, meaning that temperature gradient
pushes the ﬁlling; and the third one is electromigration, meaning that current pushes the ﬁlling
[194]. Among the above three mechanisms, the electromigration force is the most studied driving
force for the ﬁlling mass transport, as recognized in many reports [193,195–197]. The magnitude of
the electromigration force (per atom) is often written as the sum of direct electrostatic force, Fd,
and electron mediated ‘‘wind force,’’ Fw [198], which is proportional to the current density:F ¼ Fd þ Fw ¼ eZdEþ eZwE ð5Þ
where e is electron elementary charge, E is electric ﬁeld, and Zd and Zw are effective valences for the
direct and wind force mediated processes, respectively. The direct force is present if there are charged
particles (with an effective charge Zd) or an accumulation of charge near the particle due to the
scattering of current carriers. The scattering of current carriers against defects in the conductor will
also create a wind force, due to a momentum transfer, and this is included in the second term. Zw,
the ‘‘wind valence’’, then describes the force resulting from the momentum transfer caused by the
scattering current carriers. For self-diffusion in semiconductors [199], Zd may dominate over Zw, while,
for metals, Zd is low and the wind force is considered to be dominating [197].
2.2.1. Cu@carbon nanotubes
Among all the metals, copper shows the highest thermal and electrical conductivity apart from sil-
ver and exhibits a low binding energy toward carbon (ca. 0.1 eV), its encapsulation into CNTs would
particularly lead to many interesting nanoscale applications [184,200]. So far, copper-ﬁlled CNTs have
been synthesized by several research groups [141,201–203]. For example, copper@carbon coaxial
nanowires have been successfully synthesized with high yield by a ﬂexible one-route CVD method
and the electronic transport properties of individual nanowires have also been discussed [204].
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changes and electrical performance of copper-ﬁlled carbon nanotubes under applied voltage has been
ﬁrstly reported by Golberg et al. [205]. The whole process was carried out inside a JEM-3100FEF TEM
using a ‘‘Nanofactory Instruments’’ [72,206] piezo-driven STM-TEM stage. Before the nanotubes were
brought into physical contact with the gold tip (Fig. 18a), no electrical current was determined. After
contacting the nanotube to the gold tip (Fig. 18c), a linear I–V curve was ﬁrst recorded, which showed
that there was a good Ohmic contact between the testing nanotube and both gold electrodes. The
measured electrical resistance of the whole gold-CNT-gold circuit was ca. 580 kX. As the copper
quickly melted and fully ﬁlled the upper CNT, the circuit resistance dropped almost by 20 times of
the original resistance and ﬁnally reached a minimum of ca. 18 kX (Fig. 18f and g), and then remained
unchanged. The static resistivity (q) of the present amorphous-like CNT shield can then be calculated
as ca. 19  105Xm, based on the formula q = RAL1, where R is the electrical resistance of the tube
segment (measured in Xm), L is its length, and A is the cross-sectional area of the shield segment.
Since the resistivity of Cu (ca. 1.7  108Xm) is markedly smaller than that of CNTs (the order of
105Xm), the observed switch-like behavior is reasonably explained. Apparently, the migratory direc-
tion of the Cu is opposite to that expected by the electromigration theory, which works well for the
most of metals [54,57]. Therefore, the kinetics of this Cu consumption was totally different from that
described by electromigration.
From the above-discussed studies, it could be interpreted that resistive heating of the nanotube
leads to melting of the encapsulated copper by Joule heating. The exact temperature inside the presentFig. 18. Morphological changes and related electrical performance of copper-ﬁlled carbon nanotubes under gold-tip biasing
inside the TEM setup. (a) Low-magniﬁcation TEM image of a gold wire (with protruding nanotubes) approaching a gold tip. (b–
h) Consecutive TEM images taken during nanocable: (b) approaching; (c) contacting; (d–g) biasing; (h) gold-wire retracting. (i)
The electrical resistance of the whole electrical circuit dramatically drops (nearly by 20 times) after the complete ﬁlling of the
thicker tube (from (c) to (d)), as demonstrated by the I–V curves (c and d). After this, the resistance only marginally decreases
during ﬁlling of the thinner tube (curves d–g in (i)) and melting of the copper belonging to the upper tube to the gold tip (f and
g) (reproduced from Ref. [205]).
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continuous voltage bias [207]. However, it is also worth noting that Cu has gradually been consumed
and ﬁnally disappeared from the uppermost nanotube (Fig. 18c–f), which did not directly take part in
the electrical transport. Since this nanotube was not in direct contact with the gold tip (cathode), but
was in a tight contact with the gold wire (anode), the possible effects of electromigration should also
be taken into account. In order to thoroughly examine this effect on mass transport, another relevant
study was carried out, as described below. Fig. 19 shows the results of controlled Cu mass transport
inside the tubes due to electromigration. The Cu mass transport between two tubes started in the
direction of the electron ﬂow, that is, toward the anode side and the ﬂow rate was estimated to be
as fast as ca. 0.5 fg s1 according to real-time TEM video recording.
The above-discussed works have introduced the possibilities of melting and ﬂowing of copper
inside nanotube shells under external voltage, but how to precisely control a mass delivery at the atto-
gram scale was still a great challenge. For that, the correlations of the current density, time and the
mass ﬂow rate have been detailed by adjusting a bias voltage value [54]. These experiments were per-
formed in a CM30 TEM equipped with an STM system assembled in a TEM holder [206] and serving as
a manipulator (Fig. 20). According to TEM video imaging, the average mass ﬂow rate of the copper was
found to be 120 ag/s, which was strikingly slow and well controllable, allowing a precise delivery of
mass at the attogram scale and sub-second temporal precision. The increase in the resistance along
with time was mainly caused by the shortening of the low resistance copper core and, accordingly,
the effect of highly resistant carbon shells became apparent. The resistivity of carbon shells could thus
be estimated as 1.6  106Xm, which is very close to Golberg’s result [205]. This value is smaller than
that of natural graphite (1.4  105Xm) [151] and the ﬁgures obtained during four-point measure-
ments of supported, unﬁlled multi-walled CNTs (9.0  106Xm) [208], suggesting that multiple lay-
ers have been involved in carrying the current because of establishment of the end contact between
the CNT tip and the tungsten probe. Besides, the discovery of the current density threshold also
implies that the mechanism of the observed ﬂowing is most probably electromigration [57].Fig. 19. Possibilities of a mass exchange and transport of the copper ﬁlling between two individual physically merged carbon
nanotubes, and controlled copper electromigration under gold-tip biasing. (a–e) TEM images illustrating consecutive stages of
encapsulated copper mass transport under a change in the sign of the bias voltage on the gold tip electrode: (a and b) achieving
initial physical contact between two copper ﬁlled carbon nanotubes; (c) copper melts and ﬁrst electromigrates from tube 1
toward tube 2 under gold-tip biasing to 2.5 V; (d) the direction of the copper mass transport is reversed under applying a
positive bias of +5.5 V, as copper migrates back from tube 2 to tube 1, ﬁnally leaving tube 2 totally void of Cu; (e) copper entirely
escapes from tube 1 because of its complete migration into the gold tip under a +7.4 V bias. (f–h) High-magniﬁcation TEM
images highlighting the details of the framed areas in (d–e): (f) a resultant Cu/Au alloy liquid droplet (round shape) and two
solidiﬁed nanocrystals (faceted shapes) visible on the gold tip surface; (g) view of the emptied tube 2; (h) the contact site
between tubes 1 and 2 after complete copper removal from them (reproduced from Ref. [205]).
Fig. 20. (a) Time-resolved TEM images from video frames showing the ﬂowing process. The copper core started to ﬂow inside
the carbon shells from the root to the tip as the bias voltage reached up to 2.5 V. The whole process was continued for about
70 s. (b) The ﬂow rate has been found to be 11.6 nm/s according to the change of apparent length of the copper core. The
tungsten probe has been positively biased. (c) The mass changes along the time. The mass ﬂow rate can be then drawn out from
the ﬁtting curve as approximately 0.12 fg/s. (d) Time-resolved current vs voltage characteristics under a constant bias of 2.5 V.
The current density under 2.5 V as ﬂowing occurred is about 2.60–3.07  106 A/cm2. (e) Correlation of the current density J and
the mass ﬂow rate v. (f) Time-resolved resistance changes under 2.5 V as ﬂowing occurring (taken from (c)). (g) The circuit
resistance is composed of ﬁve parts, i.e., the contact resistance between the copper tip and the probe, RC1, the resistance of the
copper core, RCu, the resistance of the ﬁrst section of carbon shell without copper, RCNT1, the resistance of the other sections of
the nanotubes, RCNT2, and the contact resistance between the CNT and the sample holder, RC2 (reproduced from Ref. [54]).
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tacting nanotubes, the electromigration but not the electron beam bombardment accounts for the
main mechanism of transport, because of the low intensity of the beam and short time of irradiation.
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applying the bias voltage, it is reasonable to believe the current-induced Joule heating is the main fac-
tor in the observed mass transport. It should be noted that, even using two-terminal measurements,
the resistance of the carbon shells encapsulated copper inside could be successfully identiﬁed due to
the ﬂowing process of the copper, which provides an easy method for extracting the resistance of a
component from the measured circuit resistance without complex four-terminal measurements. This
is particularly useful for the investigation of heterostructures where the components have sufﬁciently
different resistivities and melting points.
2.2.1.2. Applications in soldering and thermal dip-pen lithography. The melting and ﬂowing phenomena
of copper inside nanotube shells not only widen the applications of mass transport but also show a
great promise for nano-spot welding and thermal dip-pen lithography. For example, the controlled
mass transport of copper core to the contact point between two CNTs has promoted the successful
soldering of a copper-ﬁlled CNT onto another CNT. The detailed process is shown in Fig. 21.
In this section, we have summarized the melting and ﬂowing phenomena of copper inside nano-
tube shells by applying a controllable bias voltage using a TEM–STM holder, which is a result of
current-induced Joule heating combined with electromigration. Apparently, the copper ﬁlling always
migrates in the opposite direction to the electric ﬁeld, according to most reports. The mass delivery of
copper could be accurated to the attogram scale, due to the ﬂow rate recorded by time-resolved TEM
imaging. The movement is very slow and well controllable (e.g., 11.6 nm/s at 2.5 V bias). This mass
transport of copper ﬁlling has also caused the related changes of electrical performance in copper-
ﬁlled carbon nanotubes circuits, which can be controlled with a high precision. Copper-ﬁlled CNTs
nanomaterials are also valuable for a broad usage in nano-spot welding and thermal dip-pen
lithography.
2.2.2. Fe@carbon nanotubes
For a nano-device containing a ferromagnetic material, changing the position of a ferromagnetic
nanostructure can change local magnetic ﬁelds in the surrounding elements down to the nanoscale
[144]. So far, it has been demonstrated that the ferromagnetic materials could migrate under a high
current and be deposited in and retrieved by carbon nanotubes. Such structures were proposed to
function as ‘‘nanopipettes’’. This mass transport of iron was driven by the electromigration force, as
was documented in many reports [193–196].
2.2.2.1. Electromigration of Fe ﬁlling in nanotubes. For a Fe cargo, most reports support the electron
wind force domination [57,78,150,184]. In this case, the observed migration direction of Fe is opposite
to the electric ﬁeld and implies negatively charged particles (i.e. electron) effects and a dominating
wind force caused by them, i.e., Zw < 0. For example, Svensson et al. [57] have demonstrated that
the entrapped Fe will start to migrate in a direction opposed to the electric ﬁeld under driving a high
current through the nanotube. The related setup is based on a movable STM probe inside a TEM. A
sharp gold tip is attached to the movable end of a piezoelectric tube (Fig. 22a), facing the sample ori-
ented perpendicular to the electron beam of the TEM. As a current with a density of about 7  106 A/
cm2 is passed through the nanotube, the iron core ﬁrst breaks into smaller particles and these then
begin to move in the direction of the electron ﬂow.
According to many reports [57,78,150,184], the electron wind force dominates the magnitude of
the electromigration force on iron cargo, which is generally expressed as:Felectro ¼ eqðZd þ ZwÞj ð6Þ
where q is the electrical resistivity. The direction of the electromigration force is still under debate
[193,196]. This is highly dependent on the materials chosen and the electronic property of the
multi-walled CNTs. In addition to the electromigration force, some other factors have inﬂuenced
the mass transport. Recently, Zhao et al. [194] systematically studied the magnitude of thermal
gradient force, suggesting that it overrides the electromigration force in most conditions present dur-
ing the reported in-situ TEM experiments (Fig. 23). Generally, for two terminal-suspended CNTs,
assuming symmetric boundary conditions, the hottest point locates at the central area of the
Fig. 21. Self-soldering of CNTs with copper encapsulated in a CNT. (a) A copper-ﬁlled tube, CNT1, was attached to a tungsten
probe. (b) A section of CNT1 was soldered onto CNT2 by the melted copper. (c–h) Video frames showing the soldering process. A
copper-ﬁlled tube, CNT1, was ﬁrst attached to a probe and brought into contact with another tube, CNT2. The probe (cathode)
has a 10 V bias: (c–e) three different positions as the probe is approaching CNT2; (f) showing how contact has been made; (g)
the shape change of the copper suggested a melting process has occurred; (h) with a higher bias (15 V), CNT1 was broken and
its end section remains soldered to the tip of CNT2. (i–k) Besides self-soldering, other applications can include soldering other
objects, thermal dip-pen lithography for wiring/structuring, etc. (reproduced from Ref. [54]).
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Fig. 22. (a) Schematic drawing of the setup used here. A sharp metal tip is attached to a piezoelectric actuator and is used to
make electrical contacts to individual iron ﬁlled carbon nanotubes protruding from the sample. (b–d) Sequential TEM images
showing the induced movement of iron: (b) a current of electrons ﬂows from the right to the left (at time t = 0); (c) the iron core
breaks up (at t = 2 min); (d) iron migrates in the same direction as the electron ﬂow (at t = 3 min) (reproduced from Ref. [57]).
Fig. 23. (a) Scheme of the in-situ TEM nanomanipulator and STM facility. (b) Analysis of the forces imposed on the cargo when
the cargo is near one end of the CNT. (c) Diagram of the mass transportation mechanisms with respect to different conditions
and the absolute value of two competitive forces, Fthermo and Felectro. The four colored force–current density curves corresponds
to small cargo condition (red), end position of the cargo (purple), electromigration condition (green), and short CNT condition
(blue). Specially, the small cargo condition (red) does not include condition that the cargo is at the zero temperature gradient
location (i.e., at middle point of CNT). The black line corresponds to the invariant electromigration force. The onset migration
current density refers to the extreme points of Fthermo. The size of ‘‘small cargo’’ ranges from 3 to about 20 nm (reproduced from
Ref. [194]).
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constant temperature boundary conditions, the equilibrium temperature distribution over the whole
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cargos, pointing from hotter place to colder place. This thermal gradient force (per volume) can be
determined by the size, position, and local temperature of the cargo, and the current density passing
through the CNT. According to the study of Zhao et al., evaporation can occur well below the melting
point of metal nanoparticles [209]. The atoms on the kinks, edges, or terraces of the Fe cargos are
prone to escape; however, under higher temperature the cargo can freely change its morphology
and crystalline direction relative to the CNTs or even melt, and the exposed surface of Fe cargo can
be represented by relatively stable facets. This evaporation force imposed on the cargo is the binding
force, which decreases when the temperature rises. When the cargo is thermally excited, binding force
is ignorable. Then, electromigration force and thermal gradient are recognized as the two major
important driving forces on the cargo, especially in the middle of the CNTs. In fact, thermoevaporation
can be considered as a kind of thermomigration; it is a process combining thermal excitation and ther-
mal transport, but as referred to the atoms. It is possible that this particular transport is caused by the
competition between the thermal gradient force and the electromigration force. The length of CNT,
cargo position, cargo size, as well as the magnitude of a bias voltage can strongly inﬂuence the trans-
port mechanism, while the diameter of CNTs does not. It is obvious that the electromigration occurs
under limited conditions. For very short (shorter than the electron mean free path) and thin-walled
CNTs, which are ballistic transport conductors [210], the transport mechanism should be considered
separately.
The above-mentioned analytical model match well with the experimental observations. Iron
typically starts to migrate in the direction opposed to the electric ﬁeld while driving a high current
through the nanotube, which is consistent with the case of copper. Thermal gradient force is also
considered to play the key role at the nanoscale dimensions, although it is usually small as compared
to other macroscopic forces like gravity, surface tension, or friction. Other factors including atomic
defects like Stone–Wales defects or inner and intertube obstacles will not block the way of cargos
[184] but may stick the cargos and change their moving velocities. However, very long metallic cargos
encapsulated in CNTs can inﬂuence the CNT electric resistance [205], which further affects the mass
transport. Thus, it is still a great challenge to realize the fully control of mass transport inside CNTs.
2.2.2.2. Applications in memory devices and ‘‘nanopipettes’’. Controllable shuttling of a Fe nanoparticle
driven by electromigration force in a hollow nanotube channel could be used as a simple
electromechanical memory device, as was ﬁrst reported by Begtrup et al. [150]. The primary element
is a nanoparticle encapsulated within a multi-wall carbon nanotube (Fig. 24). Upon application of an
electrical current through the nanotube, the shuttle moves via electromigration force [57]. Application
of a right-directed current causes the shuttle to move left, creating a ‘‘0’’ state. Subsequent application
of a left-directed current causes the shuttle to move right, creating a ‘‘1’’ state. Then a desired logical
state can be written by application of a voltage pulse, of suitable polarity and sufﬁcient pulse duration,
which physically position the shuttle. The data can be read out by measuring the axial electrical resis-
tance of the nanotube which is sensitive to the physical location of the enclosed nanoparticle shuttle.
Due to the two-terminal conﬁguration, such memory devices could be scaled to produce memory den-
sities 1 Tbit/in2, greater than current state-of-the-art hard drive storage with memory density
200 Gbit/in2. TEM observation indicates that iron nanoparticles are crystalline throughout the whole
shuttling process. That is, probing the state of the system via small voltage pulse is non-perturbative
and does not alter the shuttle position; hence the regarded memory electrical readout is
nondestructive.
It has been observed that the transport of iron particles inside the hollow core of CNTs is driven by
electromigration force under high electron current densities. Considering that the electromigration
phenomenon is not only natural inside the nanotubes, the transport of iron nanoparticles may also
occur between nanotubes and electrically conducting substrates. Svensson et al. [57] further experi-
mentally demonstrated how CNTs can be used as ‘‘nanopipettes’’ in order to deposit and retrieve solid
material on a nanometer scale (Fig. 25). The process of retrievals and deposits is likely to be a general
effect such that other solids can be transferred to and from electrically conducting materials with suf-
ﬁciently low adhesion forces. It can be repeated several times as long as the resistive heating is low
enough in order to minimize thermal evaporation from the iron nanoparticle and thermal destruction
Fig. 24. Writing to and readout of nano-shuttle memory device. (a) An artistic representation of the memory device shows a
nanoparticle shuttle encapsulated within a CNT. (b) TEM images of the shuttle moving under applied bias over a distance of
200 nm. The contacts are out of the ﬁeld of view to the left and right. (c) Adjusting the applied bias strongly affected the speed
of the nanoparticle shuttle. The speed is shown plotted versus the bias. (d) The graph shows the write signal (top red line). The
middle solid line (blue) is the TEM measured position of the nanoparticle. The overlaying dashed line (blue) is the measured
memory state based on the position. Similarly, the bottom solid and dashed (black) lines show electrical readout of the memory
state. (e) TEM image of the device in the ‘‘0’’ and ‘‘1’’ states. The arrows identify the nanoparticle position. The solid line is the
threshold between states (reproduced from Ref. [150]).
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route to nanostructure and device assembling. Speciﬁcally, the iron nanoparticle positioning and repo-
sitioning can serve as intentional seeds for in-place growth of CNTs within a device.
Thus in this section, we have reviewed the theoretical and experimental knowledges in regards of
in-situ manipulation of a ferromagnetic material, namely iron, inside the CNT hollow cores. It has been
observed that iron particles could transport in an opposite direction to the ﬂow of current, which is dri-
ven by electromigration force under high electron current densities. Similar behaviors have also been
observed for the Ni@CNTsmaterials [132]. The length of the CNTs, the location and size of the ‘‘cargos’’,
the temperature, as well as the magnitude of the bias are all considered to be important factors during
the mass transport. The competition between electromigration force and thermal gradient force drives
themigration andmakes it possible to precisely control mass transport within a nanotube. The control-
lable shuttling inside nanotubes or depositing/retrieving iron nanoparticles on conducting substrates
have enabled this structure to be used as an electromechanical memory device or a ‘‘nanopipette’’.2.2.3. Melting of metallic electrodes (Au, Ag, Pt) and their ﬂowing through a carbon nanotube
It is worth noting that, all the above elemental metals ﬁlled CNTs have always been synthesized in
advance by physical encapsulation or chemical encapsulation (such as capillary adsorption [211,212]
or chemical vapor deposition method [54,57,78,128,144,150,184,194,205]) before their observation
and in-situ manipulations in TEM. Recently, we have in-situ observed Joule heating-induced melting
of metallic electrodes in the CNT based devices that may result in a ﬂow of the liquid electrode mate-
rial (e.g., Au, Ag, and Pt) through the CNT channel [213] (Fig. 26). During this study we also discovered
that the electrical performances of such devices are strongly affected by the ﬂowing process, often
causing electrical shortening and even breakdown of pre-established circuits.
Multi-walled CNTs used in our experiments were grown by a chemical vapor deposition process.
The experimental setup for making a CNT-based device is depicted in the inset of Fig. 26a, which
Fig. 25. Sequential TEM images demonstrating the nanopipette action (the transferred iron is indicated by an arrow): (a)
schematic drawing of the setup; (b) iron has been migrated to the end of a ﬁxed nanotube; (c) iron is retrieved using a nanotube
attached to the movable tip; (d) the nanotube is directed at the side of a large nanotube; (e) the iron is deposited; (f) the iron
particle can be retrieved again; (g) it is ready to be deposited elsewhere (reproduced from Ref. [57]).
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conﬁguration using a piezo-driven STM–TEM holder (Nanofactory Instruments AB). The initial I–t
curve has strong shape variations and illustrates a gradual evolution of the device from its almost
insulating state to a clear Ohmic-type device, Fig. 26a. While applying an initial bias of 3000 mV, Joule
heating causes the temperature increase on the CNT circuit [192,207], which indeed results in gradual
lowering of the system resistance and a gradual increase of the current ﬂowing through it. Notably,
after a few minutes of biasing, a thermal equilibrium between a thermal gain and a thermal loss on
the CNT has been achieved, and at this time the resistance of the device is stabilized. Then after several
minutes, we observed that the Au electrode had been melted close to the CNT/Au interface and the
melt started to enter the CNT channel along the direction opposite to the current ﬂow, Fig. 26b. The
decrease of circuit resistance of the device is attributed to a short Au-ﬁlling inside the CNT channel,
as this short metallic segment obviously participates in the electron transport of the whole device.
Flowing of the molten Au through the CNT channel might be due to many effects such as thermo-
migration [192], electromigration [198], capillarity [38,140], thermal expansion, frictional force, and
shell-shrinkage [214]. Due to a small contribution to the mass transport, the effects of capillary, ther-
mal expansion, frictional force, and shell-shrinkage can be excluded. We have developed a qualitative
model that accounts for the above transport dynamics. In this model, two forces of electromigration
force (Felectro) and thermomigration force (Fthermo) impose on the liquid Au ﬁlling in the CNT,
Fig. 26c. As mentioned previously, for a two terminal-suspended CNT, assuming symmetric boundary
conditions, within a short period the thermal equilibrium can be set up, and its temperature
distribution over the whole CNT is applied to parabolic equation [192,211]. But, when the CNT is partly
ﬁlled with the liquid Au, the temperature distribution along the whole CNT should take thermal
Fig. 26. (a) A current ﬂows through a CNT device made by establishing an Au-CNT-Au circuit via the sidewall-contact
conﬁguration; the inset shows the experimental setup. (b) A series of four TEM images demonstrate that the liquid Au ﬂows into
the tube upon applying a positive bias. (c) The temperature distribution over the whole CNT combing the Au unﬁlled and ﬁlled
sections. The front position of the Au ﬁlling from x0 (black) to x00 (red) and x
00
0 (blue) corresponds to three temperature
distribution situations of the whole CNT partly ﬁlled with the molten Au, respectively. The lower insets are the schematic
diagrams showing two (Felectro and Fthermo) or three forces (Felectro, Fthermo and F0thermo) imposed on the liquid Au ﬁlling in the CNT.
(d and e) Assuming that an applied voltage is constant, the dynamics simulation curves of Felectro (red) and Fthermo (blue) are
modeled for a long CNT and a short CNT, respectively. (f) Assuming that the applied voltage on the device and the length of the
CNT are both variables, the dynamics simulation curves of Felectro (red) and Fthermo (curves 1–7) are also modeled (reproduced
from Ref. [213]).
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distribution curves over the whole CNT combining the Au unﬁlled and ﬁlled sections are drawn in
Fig. 26c. Fthermo comes from the momentum transfer from the phonons of the CNT to the liquid Au,
driving the material from the hotter place to the colder place. The overall Fthermo upon the liquid Au














ð8Þwhere DE is barrier height, T1 is the temperature of both terminals of the CNT, b is weighting factor
(0 < b < 1), and k is the Boltzmann’s constant. At a given voltage V on a CNT, a ¼  V22ARLj, where A is
the cross section area, R is the resistance, j is thermal conductivity.
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 33Upon Felectro the liquid Au ﬂows into the CNT along the direction opposite to the current ﬂow. Felectro










ð9Þwhere x0 is the position of the front of the liquid Au ﬁlling in the CNT, L is the length of the CNT, V is the
voltage on the CNT, kF is Fermi wave vector, R0 is the reﬂectivity of a scatter, Vm is the voltage on the
liquid Au ﬁlling part of the CNT, Rm and Rc are the resistivities of the ﬁlled Au and the CNT, respec-
tively. Dynamics simulation curves of Felectro and Fthermo are given in Fig. 26d–f, the applied voltage
on the device and the length of the CNT are considered as two variables that impact the forces values.
That is to say, by simply adjusting the applied voltage and selecting a desired length of the CNT, the
liquid Au ﬁlling length inside the CNT and the electrical properties of the circuit can be effectively
controlled to avoid destroying of the CNT devices.
Though the mass transport for a variety of materials outside or inside the CNTs has been studied
[139,174,216], this time-resolved, high-resolution in-situ observation of metal electrode material
melting and its ﬂow driven by a resultant of the thermomigration and electromigration forces through
the CNT channel sheds an additional light on the effects affecting the real electrical performance of the
CNT-based devices. These phenomena suggest that the melting of electrode materials may result in
electrical breakdown of the as-established circuit and even a catastrophic failure of the as-made
CNT-based devices. The signiﬁcant discovery can inspire researchers to avoid destroying of the CNT
based devices for their reliable electrical performance.
2.3. Summary
In this section, several important metals (e.g., Ga, In, Sn, Pd, Au, Cu, Fe, and Ni) ﬁlled into inorganic
nanotubes have demonstrated unusual electrical and thermal performances. By using dedicated TEM
holders combining standard TEM imaging characteristics and manipulation possibilities, these
structures were shown to work as nanothermometers, nanopipettes, thermal/electric driven switches
or sensors, etc. In addition, these in-situ techniques also provide powerful tools for in-situ manipula-
tion/engineering of some metal-ﬁlled nanotubes, such as Ge@CNTs, Co@CNTs [82] and Ag@CNTs
[214]. For example, Wu and Yang [217] reported the large melting-recrystallization hysteresis and
in-situ cutting, interconnection, and welding of Ge nanowires encapsulated in nanotubes under
thermal treatment, which may provide a new approach to integrate these 1D nanostructures into
functional devices and circuitry. Rodriguez-Manzo et al. [81] have demonstrated that it is possible
to generate nanotube–metal–nanotube junctions with promising transport properties via electron
irradiation of metal–nanotube composite structures, such as Fe-, Co-, Ni- and FeCo-ﬁlled CNTs. The
morphology, crystal structure and property changes of all these metal-ﬁlled nanotubes could be easily
followed in tandem and in real-time under the ultimately high spatial resolution peculiar to TEM.
Combining all diversity of observations, different in-situ TEM technologies may be designed
dependent on physical and chemical properties of the ﬁlling materials toward potential practical
applications. Among these potential applications, the ﬁlled-type nanothermometers made of low
melting point metals ﬁlled into nanotubes have attracted a prime widespread concern and have a
great promise to be used in various living and technological microenvironments.
Thermometers with a nanometer scale spatial resolution attract more and more attentions recently
because of rapid development of nanotechnology and nanoengineering. Compared with many other
kinds of nanothermometers, the ﬁlled-system nanothermometers mentioned here have a great
potential due to several signiﬁcant advantages. They could not only operate simply and intuitively
in both in-situ and ex-situ temperature detection runs, but also demonstrate a high accuracy of tem-
perature measurement (an error is <5%) and have perfect reproducibility and reliability during the
measurements. The wide liquid range and high expansion coefﬁcient of the ﬁlled liquid metal are
two important working factors. Several cautionary remarks may be mentioned here. Firstly, among
the lowmelting point and wide liquid range metals, indium has been demonstrated to have the largest
thermal expansion coefﬁcient. Secondly, although the Pd@ZnO NTs as solid-state nanothermometers
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compared with liquid ﬁlling materials, the small expansion coefﬁcient of Pb and unstable ZnO shells
under high temperature have limited their usage. Thus, developing a wide solid range and large
expansion coefﬁcient metals ﬁlled into higher melting point single-crystal nanotubes such as MgO,
GaN, and Ga2O3 could enlarge the temperature measurement range of the solid-state nanothermom-
eters. Thirdly, the small amount doping of Si into metallic Au not only decreases the melting point but
also leads to a large expansion coefﬁcient (1.5  104 K1) compared to In, which makes doping a
promising novel approach for high sensitive nanothermometer fabrication. Additionally, the oxida-
tion-assisted temperature recording approach could be carried out in a standard air environment
and is also applicable to other kinds of nanothermometers based on Ga or In, which may open up
exciting possibilities for practical applications.3. Compound@carbon nanotubes
Utilizing in-situ TEM techniques, several compound (e.g., CuI [78], Fe3C [144], Zn0.92Ga0.08S [128],
and ZnO [218]) ﬁlled CNTs have also been carefully studied, and some interesting phenomena and fun-
damental properties of these nanostructures have been demonstrated. For example, Huang et al. [218]
have directly observed in-situ interface melting of ZnO–Al2O3 core–shell structures under electron
beam irradiation in TEM at 600 C which eventually formed a single-crystalline Al2O3 nanotube. Costa
et al. [128] showed that Zn0.92Ga0.08S ﬁlled CNTs could be used for estimating the temperature proﬁles
and thermal gradients both along and across the CNTs.3.1. CuI@carbon nanotubes
Bulk CuI is a fast ion conductor exhibiting three main phases at ambient pressure. These are com-
monly known as the low temperature c-phase (T < 642 K), the intermediate b-phase
(642 K < T < 680 K), and the high temperature a-phase (680 K < T < m.p. = 878 K) [219]. The electrical
conductivity of CuI comprises both ionic and electronic components, with the ionic conductivity rang-
ing from 10 S m1 (c-phase) to 100 S m1 (a-phase) [220,221]. However, the electrical conductivity
and phase transformation within the compound at the nanoscale have still been unknown.
Since the CNTs have been proposed as ideal tools to deliver substances at the nanoscale range of
dimensions [57,222], the electrical properties of a nanoscaled CuI maybe modiﬁed by a controllable
release of its attogram-level quantities out of CNTs. Fig. 27 shows such an example [78]. Under a bias
voltage, the release process of CuI is seen to be successively accomplished. The process is unlike others
reported in the literature, where the monoelemental metallic ﬁlling ﬁrst melts (and/or breaks in
pieces) and is then continuously expelled from the nanotube [54]. This stepwise discharging of halide
ﬁlling from CNT caused the changes of the I–V curves of an individual CuI@CNT. It is worth noting that
the resistance of CuI@CNT decreases with the release of the encapsulated CuI material, as opposed to
normal behavior seen in most kinds of metal-ﬁlled CNT systems [93].
In order to obtain the quantitative relationship between correlation conductance (G) and the ﬁlling
ratio (g) of CuI@CNT, a detailed analysis of a system bearing a very ﬁrm contact was carried out. The
star-marked CuI@CNT was fully ﬁlled, had a visible length of 2.62 lm with signiﬁcant diameter vari-
ations and showed an open end. Its resistances could be calculated by I–V curves measured during the
release process. The variations of the I–V slope came to a halt once the nanotube had been completely
emptied. It was possible to plot the length of emptied CNT vs the conductance of the system (Fig. 28e).
It should be mentioned that the presence of the second nanotube, which was mostly empty, did not
inﬂuence the correlation conductance-ﬁlling ratio. As regards the lump of non-puriﬁed material, this
effectively provided a very stable anchorage for the nanotubes besides enabling a good Ohmic contact
(this phenomenon has been explained in detail [223]). Interestingly, the ﬁlling remained structurally
and chemically coherent throughout the full-length emptying procedure.
From the above results it is clear that the encapsulated CuI contributes considerably to the electri-
cal properties of the CuI@CNT system, which disagrees with the other observations for metal@CNT
systems. This can be explained by the electrical breakdown of the amorphous layers covering the
Fig. 27. (a–d) The sequence of images shows a single ﬁlled CNT being consecutively emptied (ﬁlling level marked with the
dashed lines). The black shadow on the bottom left-hand corner is the Au tip electrode (biased). The numbers in the bottom
right-corners relate to the I–V spectra shown below. (e–g) The effect of both the sliding of the nanotube-electrode contact (I–V
curves 1–3 and 6–7) and the controlled release of the encapsulated material (I–V curves 3–6) can be easily followed. This
enables the matching of the images with I–V curves (reproduced from Ref. [78]).
Fig. 28. (a) Initial general view of the ﬁlled nanotube. The Au tip corresponds to the biased electrode. The opposite one was
grounded at all times. The star marks the nanotube studied and the box corresponds to the region magniﬁed in images (panels
b–d). (b–d) Sequence of discharge pulses. The cross marks a reference point in the nanotube (possibly a highly strained lattice
region) as a guide for the eye. The numbers correspond to the extension of nanotube emptied. (e) Plot of the conductance versus
the length of emptied nanotube. The points correspond to the data where images could be matched to I–V curves. Numerous
additional I–V were taken (not shown) to achieve total discharge of the CuI. (f) Magniﬁed view of the plot in panel e. The
window of point 4–7 shows a clear linear relation from which it was possible to estimate the conductivity of the encapsulated
CuI (reproduced from Ref. [78]).
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contact is established, the system does not change its I–V shape characteristics. Accordingly, in light of
the gradual increase in conductance with CuI release, it is therefore credible to presume that current
carriers may get scattered into the encapsulated CuI lattice. Here the conduction paths are consider-
ably less efﬁcient not only because of the intrinsic properties of the metal halide but also due to the
high concentration of structural defects such as grain boundaries. This would effectively slow down
the carriers (or even trap them) and explain the overall conductance increase of CuI@CNT with the
reduction in ﬁlling ratio.
The pulsed release method described here is an additional in-situ method besides heating, highly
energetic electron beam and unidirectional, slowly-varied bias voltage. However, it is reasonable to
assume that electromigration plays the key role in driving the CuI release process, in resemblance to
other reports [205]. The difference is that the mass transport of CuI appears to follow a more complex
mechanism involving both decomposition and electromigration. In contrast to other reports, this
method employs short bursts of high current densities which enable the pulsed release of the
encapsulated material. The ‘‘fast sweep’’ (or pulsed method) is a manageable and reliable method.
Furthermore, it provides both visual (length of emptied CNT) and non-visual (conductance) indications
concerning the ﬁlling ratio of the system. Therefore, this approach is envisaged to be of prime
importance for the development of alternative electric-pulse driven mass-delivery devices.
3.2. Zn0.92Ga0.08S@carbon nanotubes
Following the report on a thermally actuated CNT nanodevice [192], there has been much interest
in the thermal gradients induced by the exposure of a nanotube to high electrical current densities
[224,225]. Static temperature proﬁling along a single, electrically heated CNT was realized
[207,225]. Recently, the dynamics of heat transfer along and across the CNTs, as well as its effect on
the internal channel, have been studied using a CNTs entirely ﬁlled with a lower vapor pressure
material, Zn0.92Ga0.08S@CNT [128]. Costa et al. found that the channel temperature in the nanotubes
is not necessarily maximal at the contact location and that the subsequent evolution of the resistive
hotspot can result in not just longitudinal thermal gradients but also in the radial ones.
To verify whether the behavior of the hotspot would be independent of the type of contact, two dif-
ferent contact modes were designed within a TEM holder, the CNT was connected either by its ends or
its sidewalls to the electrode for establishing the electrical circuit [128]. Fig. 29 illustrates that the
Zn0.92Ga0.08S inside CNT is removed by passing an electrical current under two-terminal end-contact
conﬁguration. It shows the full life cycle (from contact to breakdown) of a Zn0.92Ga0.08S@CNT under
end-contact and corresponding current–voltage curves, electrical resistance and structural evolution.
For both side-contact and end-contact conﬁgurations, a common mechanism for the Joule heating
dynamics inside a CNT was proposed, which mainly consists of three stages. During the 1st stage, an
Ohmic contact is established and a hotspot is generated at the open CNT end. This leads to the localized
core sublimation.When the Iguest is reached (2nd stage), the hotspotmigrates to mid-length of the tube.
Here, the shell is at high temperature due to resistive heating. The formation of thin core bridges signals
the presence of radial thermal gradients. During the 3rd stage, the hotspot expands inducing a longi-
tudinal thermal gradient, which is identiﬁed by the retraction of the core segments. Further current
injection eventually results in the electrical breakdown. Taken all the observed facts together the
authors were able to judge on the stability of a nanotubular electrical interconnect subjected to pro-
longed electrical stress.
For both described contact conﬁgurations, the hotspot progressed in three distinguishable stages:
formation, migration and expansion. Interestingly, for the side-contact conﬁguration, hotspot did not
appear at the contact point, but at the open tip of the nanotube. This indicates that the hotspot onset
within the CNT channel is not necessarily correlated with the contact point. Instead, it appears that the
dominant factor is the lattice discontinuity and the presence of the highly irregular structures at the
open CNT tips. Performing analogous studies for externally decorated CNTs [207], Costa et al. used the
sulﬁde fronts as markers to estimate the temperature proﬁles and thermal gradients both along and
across the CNTs, which has never been reported before. Fig. 29l shows a section of a 2.82 lm long CNT
with a conﬁned thin needle. Under electrical heating, assuming a parabola-shaped thermal proﬁle for
Fig. 29. (a–k) Correlated electrical and structural behavior of a sulﬁde-ﬁlled CNT interconnect. The electrically induced core
removal process is tightly linked to the resistive hotspot dynamics and takes place in three well-deﬁned stages: hotspot
generation, migration and expansion. (a) Current passing through the nanotube and corresponding electrical resistance during
the removal process shown in (c–k). (b) Current–voltage relations taken at the initial and ﬁnal stages of the removal process. (c
and d) The ﬁrst stage of localized depletion of the core occurs selectively at one of the Zn0.92Ga0.08S@CNT ends and refers to the
hotspot generation. (e–g) During the second stage, and past the Iguest = 48 lA, the hotspot migrates to a position that is about
one-third of the length between the two contact points, involving reversible solid–vapor phase transitions happening inside the
CNT. (h–k) In the third stage, two core segments are progressively consumed by the expansion of the hotspot. Each segment
front acts as a marker for the sulﬁde sublimation temperature (928 K). (l) Section of a partially empty Zn0.92Ga0.08S@CNT
showing a sharp conical needle. The dotted line marks the nanotube main axis. (m) Estimate of the radial temperature proﬁle in
an electrically heated CNT channel. Plot of the temperature variation across the nanotube’s channel. The image at the top
corresponds to the box in (l). All scale bars, 0.5 lm (reproduced from Ref. [128]).
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inner CNT wall (the cross-shell heat distribution is irrelevant here) and the minimum at the CNT axis
(dotted line). Focusing on the boxed area in Fig. 29l, the temperature at the needle surface layers was
estimated to be around 928 K. It is possible to extract a self-consistent expression that describes the
heat distribution across the interior of the carbon shell:y ¼ 4:29 102x2 þ 907 ð10Þ
The corresponding plot is given in Fig. 29m, in this (x, T) curve, x stands for the shortest distance of
a point across the channel to the CNT axis. The localization of the hotspot away from the contact point
also conﬁrms that the heat transfer is more efﬁcient longitudinally than transversally.3.3. Fe3C@carbon nanotubes
Since iron is a widely used catalyst for the CNT preparation, iron carbides are prone to form during
the CNT growth. It is not easy to eliminate these Fe3C nanoparticles to get pure CNTs because they are
often encapsulated within the tube cavities. Fe3C nanoparticles are frequently observed in CNT prod-
ucts [226,227]. Changing the position of a ferromagnetic ﬁlling can change local magnetic ﬁelds for the
surrounding elements at the nanoscale. Fe3C is a unique ferromagnetic due to its interesting charac-
teristics, for example, bulk Fe3C transforms into ferromagnetic only when the temperature is lower
than 230 C. Thus, it is a very interesting work to study the inﬂuence of Fe3C ﬁlling on the electrical
and magnetic properties of Fe3C@CNTs nanostructures with respect to the future applications.
The investigation of mass transport in or on CNTs is of special interest due to the possibility to deli-
ver femtograms of mass to predeﬁned spots using the nanotube as a miniature pipette [57] or gener-
ating nanodroplets or wires in a tube [228]. These mass transport phenomena were generally studied
by in-situ experiments in a TEM [54,142,174,192,205,216,229]. For example, a Fe3C cluster inside the
CNT could be driven by a switching pulse (0.5 ms, ±3.6 V) in TEM, as was demonstrated by Lofﬂer et al.
[144]. As shown in Fig. 30a, due to the high current density (5  107 A cm2) and the resulting dis-
sipated Joule heat, a part of the cluster (18%) evaporates. This is seen due to the cluster length change
between the consecutive microscopy images. In Fig. 30b, since the current density was smaller by
approximately one order of magnitude, the ﬁlling did not degrade after a complete roundtrip. During
the continuous mass transport, the metastable iron carbide phases were seen to be solid because they
did not encompass the whole nanotube cross-section, which is in contrast to observation of Co-ﬁlled
CNTs reported by Jensen et al. [230]. It is reasonable to assume that the high bias required for moving
the ﬁlling could be attributed to large friction or bonding forces between the ﬁlling and the nanotube
shells that impair the free movement of the ﬁlling material. Further studies conﬁrmed that the inter-
nal mass transport of Fe3C was dominated by an activated interface-diffusion mechanism. Recently, Su
et al. [231] have reported a comprehensive in-situ study on the structures, electrical and ﬁeld-emis-
sion properties of individual Fe3C-ﬁlled CNTs inside a TEM with a STM–TEM system. Larger bias
sweeping across a CNT can initiate melting, resolidifying, and decomposition of the encapsulated
Fe3C, which, in turn, causes structural damage to the CNT. Interestingly, rather thin graphenes form
when the Fe3C ﬁllers decompose by Joule heating, which may open up a new route for the on-demand
graphene fabrication.
To conclude, the described voltage pulse driven transport of Fe3C is rather different from the com-
mon bias voltage driving, which has been reported for several other ferromagnetic materials
[57,194]. Compared with the latter in-situ technique, the former seems to have negligible degradation
of ﬁlling during themass transport,which is useful for the extensive application of CNTs as nanopipettes
or nanoswitches. While the transport of a material has already been observed in zero-current hot-stage
experiments [216] or environmental TEM experiments [229], the existence of an immobile, solid ﬁlling
during transport is a new and exciting phenomenon which guides the mechanics of a current-driven
mass transport.
Fig. 30. (a) Irreversible switching of Fe3C-ﬁlling in a nanotube between the states marked by the one- and two-headed arrows.
The necessary voltage pulse was ±3.6 V. The loss of ﬁlling material with each pulse is about 18%. (b) Reversible movement of
Fe3C-ﬁlling in a type 1 nanotube. Microscopy images of the (1) starting position, (2) end position, (3) return to the starting
position, and (4) ﬁlling in the starting position after 170 pulses. (c) Average movement per pulse in dependence on the
dissipated power P = U2/2R (reproduced from Ref. [144]).
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Compared with homogeneous nanowires, diverse heterostructures assembled in either radial or
axial directions within a single nanometer-scale building block have always possess more interesting
properties and thus deserve an attention [232–237]. Heterojunctions between a metal and a
semiconductor are at the core of all modern electronic devices. Recently, fabrication of such structures
at the nanoscale has emerged as a hot topic due to their immense potential for the next generation of
nanoscale electronic devices. Zhan et al. [148] ﬁrst reported on the utilization of thermal evaporation
growth for the preparation of In-Si heterojunction inside SiO2 nanotubes. Later Gautam et al. [147]
reported on the synthesis of a metal–semiconductor heterojunction within a carbon nanotube where
the metal was indium and the semiconductor was ZnS marginally doped with In. So far, several radial
or axial heterostructure nanowires ﬁlled in nanotubes with well-deﬁned interface, especially metal–
semiconductor interface, have been fabricated. In this section, we summarize these in-situ TEM
reports. The studied nanowire heterostructures sheathed by nanotubes have included In–ZnS@CNTs
[147], In–Si@SiO2 NTs [148], Ga–ZnS@SiO2 NTs [149], and Ga–Mg3N2@CNTs [86] systems. The studies
on their structures and characteristics using HRTEM, yielded several interesting observations.
Interestingly, the interfaces between semiconductor and low melting metal domains were found to
be particularly sensitive to the electron beam irradiation and thermal heating within a TEM. This
opens up the prospects for smart design of electron-beam irradiation- or heat-driven electrical
switches and sensors within a given electronic device.4.1. Ga-semiconductor nanowire heterojunctions
Research on low-melting-point metals conﬁned within carbon nanotubes was pioneered by Ajayan
and Iijima [38]. A high-energy EB generated within TEM has been demonstrated to be a powerful tool
for the fabrication of novel nanostructures. We have reported the fabrication of a few heterojunctions
between Ga and semiconducting nanowires heterojunctions, including silica-shielded Ga–ZnS [149]
Fig. 31. Consecutive TEM images depicting in-situ EBI of a junction area causing the movement of a Ga nanowire away from an
original Ga–ZnS junction. (a) Before irradiation. (b) After cutting of the junction using a convergent electron beam (with a size of
200 nm) focused on the junction area. (c) During a junction recovery process when the beam is kept away (but is still close to
the junction area). (d) After a complete recovery following the complete removal of the beam from the junction (reproduced
from Ref. [149]).
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tion boundary is highly sensitive to the electron-beam irradiation inside TEM, making the design of an
EBI-driven switch possible. For example, the electron beam of TEM is able to cut apart a junction at its
Ga–ZnS boundary via melting of the Ga nanowire part. The junction can be rebuilt after blanking the
beam. Fig. 31a–d presents consecutive TEM images, demonstrating the in-situ electron beam irradia-
tion of a junction area. In this case, the temperature in the vicinity of a junction area increases, Ga
entirely melts upon irradiation (bulk Ga has a melting point of 29.8 C, although it may also remain
liquid at lower temperatures, when conﬁned within a nanotube shape [127]). Owing to a high expan-
sion coefﬁcient (ca. 1.015  104 C) and good thermal conductivity of liquid Ga [151], the notable
thermal expansion (or movement) of a Ga column in a CNT can be observed at a very low basic pres-
sure (1  105 Pa) in the TEM chamber [166]. This favors the movement and/or partial evaporation
of the Ga part within a silica nanotube; when the beam is removed from the junction area, Ga cooling
and contraction may restore the junction.
The another heterojunctions between Ga and Mg3N2 inside CNT were fabricated using a mixture of
MgB2, Ga2O3, and activated carbon powders as the source materials using a nitrogen ﬂow in a vertical
induction furnace. This Mg3N2–Ga junction can be built up by irradiation with a convergent electron
beam inside TEM: it can be gently constructed and cut apart by beam-driven move of a liquid Ga
column. Fig. 32a–j are the scanning TEM images of a Mg3N2–Ga end-to-end heterojunction and a
building/cutting process of a Mg3N2–Ga junction under convergent irradiation. A similar phenomenon,
associated with the encapsulated In in In2O3 nanotubes under electron irradiation, was also reported
[134]. Therefore, an electron beam may become a decent tool for the precise structural manipulation
within a given electron-beam-driven switch. All these phenomena open up bright prospects for the
design of an electron-beam irradiation- or thermo-driven electrically-controlled switches and/or
sensors.4.2. In–Si@SiO2. nanowire heterojunctions
Zhan et al. [148] fabricated In–Si end-to-end nanowire sheathed with insulating silicon oxide
through a simple thermal evaporation of an In/SiO powder mixture in an induction furnace.
Fig. 33a shows a TEM micrograph and corresponding EDS spectra of a typical nanowire junction.
Fig. 32. (a) STEM image of a Mg3N2–Ga junction inside a GCNT. (b) Mg, (c) Ga, and (d) N elemental maps demonstrate well-
deﬁned composition variations and clear interfaces between the Mg3N2 and Ga segments within the junction. (e) C elemental
map consistent with a CNT sheath. (f–j) Consecutive TEM images showing building and cutting apart of a Mg3N2–Ga junction
under convergent EB irradiation: (f) before irradiation; (g) a Ga column moves ca. 150 nm toward a Mg3N2 nanowire segment
after EB irradiation over 3 min; (h) a complete junction after 5 min irradiation; (i and j) cutting apart the junction after 4 min
and 6 min irradiations, respectively (reproduced from Ref. [86]).
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crystallization of In nanowires, as both materials have closely related crystallographic features. The
thermal expansion of an In column conﬁned within a silica nanotube and adjacent to a Si segment
was investigated by means of a Gatan heating holder attached to TEM. Initially the In column jumps
abruptly upon melting (m.p. 156.68 C) due to the signiﬁcant density difference between the solid and
liquid In phases. Next the In column expands linearly with increasing temperature, in accord with the
thermal-expansion behavior of bulk metallic In (or Ga) [127,172]. This unique metal–semiconductor
nanoscale junction can be prepared as a fundamental component of a novel miniaturized semiconduc-
tor device and the expansion of a liquid In column as its part may promote a smart design of a tem-
perature-driven switch and/or sensor within such device.
5. Conclusions and outlook
In conclusion, we have summarized the available in the literature data on the manipulation,
properties and applications of inorganic nanowires sheathed by nanotubes, which fall into three cat-
egories according to the ﬁlling materials, i.e., metallic elements and alloys, compounds and semicon-
ductor–metal heterojunction nanowires. Firstly, we have summarized the in-situ researches on a
series of simple core/shell nanowire heterostructures composed of metals (including low-melting
metals, ferromagnetic materials, etc.) ﬁlled inside nanotubes. The advantages and disadvantages of
ﬁlled-system nanothermometers consisting of low-melting metals were also brieﬂy discussed. Sec-
ondly, we presented several compounds inside nanotubes and discussed many interesting ﬁndings
and phenomena based on the particular characteristics of the compounds. Finally, we summarized
the results peculiar to a series of semiconductor–metal heterojunction nanowires shielded with
nanotubes. The semiconductor-low melting metal interfaces domains were found to be particularly
sensitive to the electron beam irradiation and thermal heating, which open up bright prospects for
the design of an electron-beam-irradiation or thermo-driven electrically-controlled switches and/or
sensors.
Developments in the ﬁeld of nanoscience and nanotechnology are strongly related to the advances in
the studies on the morphological, structural, physical and chemical peculiarities of a given nanomate-
rial. Due to the high spatial resolution of TEM and dedicated holders combining its zooming-in
possibilities and AFM- and STM-based techniques, in situ TEM methods are rapidly developing and
giving a direct access to the practical information on the diverse properties of nanostructures. Several
Fig. 33. (a) TEM image of a typical In–Si nanowire heterojunction. (b–d) Respective EDS spectra taken from the regions
indicated with the white circles on the nanowire image of part in (a). (e) STEM image depicting Si (light) and In (dark) domains
within an In–Si nanowire junction. (f–h) Elemental–spatial distributions of In, Si and O. (i–l) Consecutive TEM images of melting
and thermal expansion of an In column (the part of an In–Si heterojunction) conﬁned within a silica tube during TEM heating
in-situ (reproduced from Ref. [148]).
42 Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49important in-situ TEM technologies have been developed with the increasing diversity and complexity
of the nanomaterials’ composition, structures and applications, to further meet the growing demands
for device design and fabrication. In this regard, the material-ﬁlled-nanotube heterostructures could
not only provide a tubular container for studying the properties of ﬁllings but also to make it possible
to exploit the potentials of various interfaces (i.e., metal/NT, semiconductor/NT, metal/semiconductor,
and metal/insulator).
Although there has been a signiﬁcant progress in electrical and thermal property studies on inor-
ganic nanowire ﬁlled nanotubes, there are still many important issues remaining to be addressed. (i)
Although the nanothermometers could be used for temperature measurement in a standard air
environment outside the TEM, the present oxidation-assisted temperature recording approach is still
limited because it could only be available in an aerobic environment and was conﬁned to sole Ga or
In-based thermometers. It also remains a challenge to develop useful nanoscale temperature measure-
ment technique in order to reliably integrate such nanothermometers into practice. (ii) High vacuum
conditions in TEM could not always properly simulate the various environments conditions in
practice. Recently, environmental transmission electron microscopes (ETEM) or integration of
STM- and AFM-holders with the in-situ optical capabilities have initiated a new interest to the in-situ
Q. Liu et al. / Progress in Materials Science 70 (2015) 1–49 43studies of nanomaterials, especially with respect to photovoltaics and optoelectronic ﬁelds. Thus,
introducing a light source spanning a range of wavelengths and intensities or a certain gas atmo-
spheres in TEM may open up bright and new prospects for the development of inorganic nanowires
ﬁlled nanotubes. (iii) In the nanotubes, the mechanism of electric bias actuated transport and its cor-
responding impact on electrical properties is arguing at present. Interestingly, it has been discovered
that the contribution of encapsulated CuI to the electrical properties of the CuI@CNT system disagrees
with the other observations for metal@CNT systems, which needs further elucidations. Future devel-
opments in this intriguing area will rely on improving the diversity of nanowires ﬁlled into nanotubes,
having new core–shell structures with various interfaces and immensely developing their potential
applications.
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